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1. Introduction

1.1. Nanotechnology and nanomedicine

Nanoscience and nanotechnology (NST) are the emerging and interdisciplinary field of
scientific research that focuses on the study of structural properties, design, development, and
application of materials at the nanoscale range [1]. The National Nanotechnology Initiative
(NNI) in the United States defines nanotechnology as the science involved in understanding
and manipulation of materials at the atomic or molecular levels to generate structures with
outstanding characteristics in terms of sizes and shapes at this scale, enabling innovative
applications in various fields [2]. Simply, the study of nanostructure formation along with the
development of the theoretical models and simulations that describe these nanoscale
phenomena form the core of nanoscience, whereas nanotechnology harnesses these properties
to create innovative solutions to longstanding challenges and develop novel technologies with
unprecedented precision and functionality [3]. These nanoscale materials often exhibit unique
physical, chemical, and biological properties that differ significantly from those observed at
their larger-scale counterparts [4—6]. These properties open up a plethora of applications in
areas like medicine, where nanoparticles can be engineered to targeted drug delivery,
enhancing treatment efficacy and reducing side effects [7]; electronics, through the
development of small and efficient semiconductors, improve solar cells performance,
batteries, and other electronic devices by optimizing conductivity, development of more
efficient energy storage devices and conversion technologies [8,9]; and environmental

science, with the design of more effective catalysts and sensors [10—12].

Nanotechnology is considered a relatively modern innovation and a fairly new advancement
in scientific research, its fundamental concepts indeed have a rich history that traces back to
ancient civilizations often surprising how far back their applications extend. In the 4t century,
the “Lycurgus cup” showcased an example of ancient Roman glassware exhibiting dichroic
properties utilizing colloidal gold and silver that change color under different lighting
sources. This phenomenon is attributed to the unique interaction of nanoparticles with light,
demonstrating an early understanding of nanoscale materials [13,14]. By the medieval period
between the 6™ and 15™ centuries, European cathedrals featured vibrant stained glass

windows utilizing gold and other metal compound nanoparticles, highlighting the application
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in art for creating rich coloration [15,16]. During the Italian Renaissance (15"-16" centuries),
the production of lustered glazed majolica pottery by incorporating nanoparticle components
further showcased the historical use of nanoscale materials [17]. The field of nanotechnology
gained significant momentum in the 19" and 20™ centuries. In 1857, Michael Faraday
demonstrated the ability of colloidal gold to produce different colors under specific lighting,
leading to various applications in optics and medicine [18]. Further advancements included
the invention of transmission electron microscopy (TEM) in 1931 by Max Knoll and Ernest
Ruska [19], scanning electron microscopy (SEM) in 1937 by Manfred von Ardenne [20],
scanning tunneling microscope (STM) in 1981 by Gerd Binning and Heinrich Rohrer [21,22]
and the discovery of atomic force microscopy (AFM) in 1986 by IBM scientists Gerd Binnig,
Calvin Quate, and Christoph Gerber [23,24]. This enabled detailed imaging of materials at the

nanoscale and laid crucial groundwork for nanotechnology research and applications.

The conceptual idea behind the nanoscale technology was first introduced by the renowned
physicist Richard Feynman in his speech entitled “There’s Plenty of Room at the Bottom™ at
the California Institute of Technology (CalTech) on December 29, 1959 [25]. He envisioned
the possibility of manipulating individual matters at atomic and molecular levels, which has
often been credited as a key inspiration and foundation in the field of nanotechnology. More
than a decade later, Norio Taniguchi in a 1974 conference, coined the term ‘“nano-
technology” [26]. Motivated by Feynman's ideas, K. Eric Drexler used the term
“nanotechnology” independently in his 1986 published book “Engines of Creation: The
Coming Era of Nanotechnology”, which has later been known as ‘“molecular
nanotechnology” [27]. He was known as the “founding father of nanotechnology” for
establishing the core principles of molecular engineering and outlining the application of

advanced nanotechnologies [28].

Nanotechnology has emerged as a promising area of innovation with wide-ranging
applications, impacting nearly every facet of contemporary life. In particular, its integration
with medicine has given rise to the development of a new scientific discipline known as
nanomedicine. The origin of nanomedicine indeed has early roots in ancient civilizations in
the context of traditional medicine and materials science. Ayurvedic Bhasma referred to as
“Swarna Bhasma” represents an excellent example of ancient nanomedicine [29]. This
Ayurvedic preparation was the colloidal form of gold which was used in traditional
Ayurvedic medicine for various purposes, including rejuvenation and the treatment of various

diseases [30]. However, the modern field of nanomedicine began to take place in the 20"

2
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century, particularly with the contributions of pioneering scientists Elie Metchnikoff and Paul
Ehrlich. Metchnikoff's work focused on phagocytosis and the immune system [31], while
Ehrlich is renowned for his development of the “Zauberkugel” or “magic bullet” concept— a
targeted drug therapy without affecting healthy tissues [32]. The term "nanomedicine" was
first introduced in 1991 in “Unbounding the Future. The Nanotechnology Revolution” [33]
and became widely established after the book ‘“Nanomedicine” published by Robert A.
Freitas in 1999 [34]. The European Science Foundation (ESF) defined nanomedicine as
follows: “Nanomedicine uses nano-sized tools for the diagnosis, prevention, and treatment of
disease and to gain an increased understanding of the complex underlying pathophysiology

of disease. The ultimate goal is to improve quality of life” [35].

Nowadays, nanomedicine covers a diverse range of fields, significantly improving healthcare
through innovative applications in drug delivery, vaccine development, biosensors,
microfluidics, medical implants, and microarray tests to tissue engineering using nanoscale
materials [36-38]. Nanomedicine-associated drug delivery investigations started drastically
when Bangham for the first time prepared lipid vesicles (liposomes) around 1965 [39], and in
the mid of the 1970s, when Ringsdorf investigated the attachment of pharmacologically
active ingredients to water-soluble polymers [40]. From this point onward, an incredible
extent of studies has been conducted to design and develop nanocarrier-based drug delivery
systems to ensure better safety, efficacy, and specificity [41]. Recently, nanocarriers for
therapeutic delivery have gained significant attention in the field of advanced medicine after
the most successful development of the SARS-CoV-2 mRNA vaccines [42]. The Pfizer-
BioNTech and Moderna vaccines used lipid nanoparticles (a type of nanocarrier) to
encapsulate and protect the fragile mRNA molecules, to deliver therapeutic agents

specifically to target cells, and to release their payload in a controlled manner [43].

The development of therapeutic agents involves the integration of drug design and delivery to
enhance the efficacy and safety of treatments. To leverage the advantages of current scientific
advances, modern technology requires combining newer or existing therapeutic agents with
nanotechnology platforms to alter their properties for effective drug delivery systems. Among
the various nanomaterials used in biomedical and pharmaceutical applications, polymers such
as polysaccharides and lipids have been extensively investigated as carriers for therapeutic
delivery due to their versatility, biocompatibility, biodegradability, diverse functionality, and

regulatory status.
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1.2. Polysaccharides as therapeutic carriers

The fundamental properties of polymers utilized as biomaterials for the fabrication of
therapeutic carriers include stability, biodegradability, and biocompatibility. Natural polymers
inherently fulfill these criteria and are also recognized as being safe and non-toxic. These
characteristics led to the extensive investigation of various natural polymers for their potential
use as carriers for therapeutic delivery and other biomedical applications [44]. Among the
natural polymers, polysaccharides are the most diverse and abundant macromolecules which
are isolated from a wide range of renewable sources such as starch and cellulose from plants,
agar and alginate from algae, chitin and hyaluronic acid from animals, dextran and xanthan

from bacteria, pullulan and galactan from fungi [45] (Figure 1).

Plants
Starch, Cellulose
Pectin

, a Algae
Chitin, Chitosan, Agar, Alginate,
Hyaluronic acid Galactans

Polysaccharide
Sources

Fungi
Dextran, Levan, Chitin, Pullulan,
Xanthan Glucans

Figure 1. Sources of polysaccharides with examples [45].

Polysaccharides are long-chain linear or branched polymeric carbohydrates composed of
monosaccharide repeating units linked by O-glycosidic bonds. The common repeating units
of polysaccharides are d-glucose, d-fructose, d-galactose, I-galactose, d-mannose, 1-arabinose,
and d-xylose. Additionally, polysaccharides may contain various monosaccharide derivatives
like amino sugars, such as d-glucosamine and d-galactosamine, along with their derivatives,
N-acetylneuraminic acid and N-acetylmuramic acid [46]. Due to the varying chemical

compositions, a wide range of molar masses, and the presence of various functional groups on
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molecular chains such as hydroxyl, carboxyl, aldehyde, and amine groups, polysaccharides
possess significant diverse structural properties and functional versatility [47]. Furthermore,
the large number of reactive functional groups contribute to their hydrophilicity, allowing for
aqueous solubility and facilitating interactions with biological tissues through non-covalent
bonds as well as enabling chemical and biochemical modifications to conjugate drugs or
therapeutic agents according to the desired properties. These characteristics along with the
available sources and low processing cost convert polysaccharides the key biomaterials for
pharmaceutical applications and are classified as “generally recognized as safe” (GRAS) by
the U.S. Food and Drug Administration (FDA) under the Federal Food, Drug, and Cosmetic
Act [48]. The key attributes of polysaccharides are [49,50] :

Biocompatibility: Polysaccharides are biological macromolecules of natural origin that
closely resemble components of the extracellular matrix, enabling to minimization of or

avoiding immunological responses and providing high biocompatibility.

Biodegradability: Most polysaccharides are degraded in the body by enzymatic catalysis,
leading to the formation of their monomeric or oligomeric units that can easily be eliminated
from the body. Many enzymes such as glycosidases, hyaluronidases, esterases, proteases, and
various other lysosomal enzymes facilitate polysaccharide degradation which in turn reduces

side effects.

Diverse sources: Polysaccharides found abundantly in nature and their simple isolation and

purification methods, make these polymers available at low cost for further applications.

Bioactivity: Many polysaccharides naturally exhibit bioactive properties and interact with
tissue and mucous membranes which can be used to design carriers for target-specific drug
delivery. Some polysaccharides have antimicrobial and anti-inflammatory effects such as

chitosan and heparin.

Solubility: Several polysaccharides have very high aqueous solubility due to the large
number of functional groups. This solubility can be altered through simple modification, for
example, the solubility of chitin in an acidic medium can be tuned by modifying the degree of

deacetylation.

Ease of modifications: Due to the presence of numerous functional groups on the backbone,

polysaccharides give easy access for modifications through cross-linking, grafting,
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esterification, etherification, and various other physical and chemical methods to produce

novel semi-synthetic polysaccharide derivatives with extended functionality.

These characteristics make polysaccharides an ideal choice to develop potential carriers for
advanced therapeutic delivery by combining the essential features from the nanoparticulate
platform. Common examples of polysaccharides that have been extensively studied and
utilized as drug-delivery vehicles are chitosan, alginate, hyaluronic acid, dextran, cellulose,
starch, and pullulan [51] (Figure 2). Polysaccharides have been widely used as excipients in
the pharmaceutical industry. However, they became increasingly popular in the field of drug
delivery to conjugate drugs, proteins, DNA, and targeting antibodies and to develop

nanocarrier-based polyelectrolyte matrix, hydrogels, films, and nanoparticles [52].
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Figure 2. Common examples of polysaccharides used in drug delivery.

Despite their outstanding properties, the use of polysaccharides in drug delivery systems
presents several potential challenges. One major issue is the variability of the molar masses
which can differ significantly between batches of naturally sourced polymers, making it
difficult to establish a precise delivery vehicle and a consistent drug delivery performance.

Another significant challenge is that many polysaccharides are poorly soluble in organic
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solvents, which limits their extent of possible modifications. Organic solvents are frequently
employed in drug delivery system fabrication processes for functionalization or cross-linking.
This poor solubility issue can hinder the development of polysaccharide-based drug delivery
platforms and restrict the ability to tailor their properties for specific applications [53]. To
address these challenges, improvements are necessary for quantifying and standardizing the
physicochemical properties of polysaccharides. Such improvements are crucial for
developing consistent drug delivery systems with well-defined characteristics that can
advance to clinical trials [54]. Dextran-doxorubicin drug conjugate (AD-70, Phase I, 1993)
was the first polysaccharide entering the clinical phase. Dextran-based formulations such as
DE-310 (Phase I, 2005) and Delimotecan (Phase I, 2008) have also reached clinical trials
over the years. Moreover, other polysaccharides that have entered the clinical phase including
chitosan (Milican, Phase II, 2006); hyaluronic acid (RadiaPlex, Phase III, 2007), ONCOFID-
P-B (Phases I and II, 2011); cyclodextrin (CALAA-01, Phase I, 2008), CRLX101/IT-101
(Phases I and II, 2012); alginate (DIABECELL, Phases I, II and III, 2009), IK-5001 (Phase I,
2010) and OligoG CF-5/20 (Phases I and II, 2014) [48].

1.2.1. Hydroxyethyl starch (HES)

Hydroxyethyl starch (HES) is a semi-synthetic derivative of the natural polysaccharide,
starch, formerly utilized as a colloidal plasma volume expander (PVE) [55]. Starch is
composed of two complex macromolecular components: amylose and amylopectin. Amylose
is a flexible and linear chain polymer made of glucopyranose units connected by a-(1,4)
glycosidic linkages. Though amylose is taken as a linear chain polymer, branched amylose
has also been reported which contains few branches. Both types of amylose are long-chain
polymers containing hundreds to thousands of glucosyl units. Amylopectin is a branched
polymer with short a-(1,4) segments linked by a-(1,6) glycosidic branching points in every
25-30 glucose units. The extent of amylose and amylopectin in starch differs from plant to
plant sources [56]. Hydroxyethyl starch is mainly composed of amylopectin, originated from
waxy maize and less frequently from potatoes which is further modified by hydroxyethyl
groups. The most preferred method to synthesize HES is, at first, the partial acid or enzymatic
hydrolysis of starch-rich in amylopectin and then the etherification reaction with ethylene
oxide in an alkaline medium followed by purification/fractionation of HES to adjust the
polydispersity [57]. HES closely resembles the structure of glycogen, a branched

polysaccharide that acts as energy storage in the human body. The structural interrelation of
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HES to glycogen is possibly one of the most comprehensive reasons for its reduced

immunogenicity and low hypersensitivity [58]. The structure of HES is shown in Figure 3.

O
H HO OO0 0
OH
OR™NO-- #

Figure 3. Structure of hydroxyethyl starch (HES).

Besides, hydroxyethylation conveys many new characteristics in starch, it increases mainly
the solubility in water compared to starch and shows higher stability to hydrolysis. Most
notably, an increase in in vivo half-life is observed after hydroxyethylation [59]. The half-life
time of starch is a few minutes because of its rapid degradation by an intracellular enzyme
called plasma a-amylase [60], however, it significantly increases for HES due to steric
hindrance of the hydroxyethyl side chains. Moreover, it is possible to control the
biodegradability of HES because the rate and extent of biodegradation can be modulated by
altering the molar mass and the degree of hydroxyethylation [61]. Hydroxyethylation occurs
at the hydroxyl functional group of the anhydrous glucose subunit (AGU) of the starch
molecule or to that of an already attached hydroxyethyl group [62]. This etherification
reaction takes place mainly at the C-2 and sequentially at C-6 and to a very lesser extent at
the C-3 carbon atom [63]. The C-2 position of starch is clinically very important since an
enzymatic breakdown by serum a-amylase happens more slowly when the substitution occurs
predominantly at the C-2 position of HES rather than substitution at C-6 or C-3 positions and
increases the blood circulation time. The degree of substitution of starch is finely tuned in
such a way that the solubility of the starch is ensured and degradation by serum amylase is

not prevented too extremely [64].

However, HES can present some limitations due to its variable properties. For instance, the
branching patterns of amylopectin can vary depending on the source of starch and the

pathway of synthesis. Furthermore, source-dependent molar mass variations, inconsistent and

8
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random distribution of hydroxyethyl moiety on HES backbones, and polydispersity can
influence the in vivo efficacy and potential side effects of HES [65]. Besides, some adverse
effects have been reported for HES macromolecules. Some studies showed that a high dose of
slowly metabolizing HES could interact with platelets and blood coagulation factors, for
example, factor VIII and von Willebrand factor, which lead to coagulation impairment and
decrease the plasma level of these factors [66—68]. Other studies claimed that HES
administration could cause renal dysfunction or kidney injury [69,70]. On the other hand,
some studies also reported no adverse effects on kidney functions after HES administration

[71,72].
1.2.2. Applications of HES

HES is primarily used as a fluid replacement therapy under the trade name of VitaHES,
Infukoll, Voluven®, and Hespan® to increase or maintain intravascular volume for critically
ill patients in intensive care units [73]. It exhibits several distinct pharmacological properties
such as improving serum colloid osmotic pressure and hemodynamics, reducing blood
viscosity, reducing the systemic inflammatory response, inhibitory effect on blood
coagulation functions, and minimizing colorectal cancer metastasis. Besides PVE, HES is

also used as a cryopreservative agent and organ preservation solution [74].

Another applied field of HES is the development of designed carriers and nanoconjugates for
the delivery of diagnostic and therapeutic drugs. The large number of free hydroxyl groups
available for modification in designed manners, solubility, low immunogenicity, and
prolonged in vivo half-life make HES an ideal choice as a carrier for developing HES-based
drug delivery systems. Although some adverse effects have been reported using HES as PVE,
however, for nanocarrier drug delivery experiments minimal concentrations are used
compared to PVE, therefore, safety issues associated with HES are significantly reduced. To
date, a wide range of therapeutic drug conjugation with HES has been investigated to develop
HES-based drug delivery systems such as HES-drug conjugates, HES-protein conjugates,
micelles, vesicles, nanocapsules, and hydrogels. For instance, Methotrexate (MTX) is an
antifolate drug used for treating certain cancers and rheumatoid arthritis, but its clinical use is
limited by dose-dependent liver toxicity. To address this, MTX was conjugated with HES
through esterification to develop MTX-HES conjugates. The in vivo experiments
demonstrated a significantly higher antitumor efficacy of HES-MTX conjugates than
unconjugated MTX in MV-4-11 human leukemia cells and with CDF1 mice intraperitoneally
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inoculated with murine leukemia cells of NOD/SCID mice. Another anti-cancer agent, 10-
hydroxy camptothecin (10-HCPT) exhibits very low aqueous solubility and a short plasma
half-life, limiting its clinical use. 10-HCPT was modified through the conjugation reaction
with HES via ester bond formation to form 10-HCPT-HES conjugates. The modified 10-
HCPT-HES conjugates showed increased water solubility of approximately 100 times, a half-
life extension of 4.38 h from 10 min (free 10-HCPT), and a sustained release of the drug till
48 h [75]. Sleightholm et al. developed chloroquine-modified HES (CQ-HES) which revealed
an improved ability of the conjugates to inhibit the migration and invasion of pancreatic

cancer cells [76].

HES has also been used to develop stimuli-responsive nanoparticulate drug delivery systems.
For example, doxorubicin-HES conjugates (HES-SS-DOX) were synthesized by conjugating
DOX onto HES through a redox-sensitive disulfide bond and revealed the formation of a
nano-assembly with a diameter of 19.9 £ 0.4 nm and glutathione (GSH)-mediated DOX
delivery to the tumor microenvironment [77]. Consequently, Li et al. synthesized HES-DOX
conjugates via pH-sensitive hydrazine (Hyd) bond to develop HES-Hyd-DOX conjugates and
via acid-sensitive linkage to synthesize HES-DOX, cyclic Arg-Gly-Asp peptides (cRGD)
conjugated HES-DOX/cRGD and luteinizing hormone-releasing hormone (LHRH)-
conjugated HES-DOX/LHRH. Results showed that all the conjugates self-assemble to form
nanoparticles and stimuli-responsive drug release in tumor cells with high efficacy and

specificity [74].

Apart from that, HES was modified with particular hydrophobic moieties for the development
of self-assembled nanocarriers to encapsulate different drugs and enhance their delivery. Hu
et al. synthesized 1-octadecanethiol (C18) conjugated hydrophobic HES derivative via a
redox-sensitive disulfide bond and further decorated with tumor blood vessels and tumor cells
specific iIRGD molecules to develop iRGD-HES-SS-C18 conjugates. In this study, DOX was
encapsulated as a model drug. Results demonstrated the formation of nanoclusters which
enhance iIRGD targeted DOX delivery to the tumors and improved tumor cell internalization
and permeability of the conjugates. In a separate investigation, oleic acid (OA) grafted HES
conjugates (HES-OA) were synthesized and self-assembled into ICG-loaded nanoparticles.
Combined with B-phenylethyl isothiocyanate, ICG@HES-OA nanoparticles showed
enhanced synergistic tumor inhibition effects [75]. Lauric acid-modified HES displayed the
formation of stable micelles or vesicles with a very low degree of grafting [78]. Recently,

highly stearate-grafted HES conjugates (St-HES) were synthesized, and detailed
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characterization was performed for both native HES and St-HES conjugates. Interestingly, the
results showed a transition from amorphous HES to a semicrystalline character with
increasing the degree of grafting and the conjugates were able to form self-assembled
micelles. The increased hydrophobic segments in the core of the micelles may facilitate
encapsulating water-insoluble drugs with high loading capacity and prolong the circulation
time [79]. Additionally, HES has been employed to develop nanocapsules and hydrogels as
effective therapeutic delivery systems [80]. Baier et al. developed HES-based nanocapsules
using an inverse miniemulsion method through interfacial polyaddition reaction with
diisocyanate followed by carboxymethylation and conjugation with folic acid (FA) as a
model targeting agent. The HES-FA nanocapsule confirmed the potential of folate acid
receptor (FRa) mediated capability towards HeLa cells. A HES-based hydrogel microsphere
was prepared by introducing a polymerizable group, hydroxyethyl methacrylate (HEMA),
which was then crosslinked via photopolymerization in a water-in-water (w/w) emulsion
system. The hydrogel loaded with a model protein showed an initial burst release followed by

a slower release rate which was extended till 4 months in vitro [80].

HESylation (coupling of HES with a desired moiety) has been widely used in the field of
therapeutic protein polymer conjugation. Several investigations have been carried out after
the first introduction of HES albumin conjugates by Richter and de Belder in the 1970s [55].
For instance, erythropoietin (EPO) was chemically conjugated with HES using two different
strategies: targeting the glycosylation sites of the protein to introduce polymer and reductive
amination of HES which allows for modification of the N-terminal a-amino group of the
protein. Both HES-EPO conjugates exhibited significant in vitro and in vivo activities that are
comparable to PEGylated (covalent coupling of poly(ethylene glycol) with desired
molecules) EPO (Mircera®™) [55]. Similarly, a dimeric erythropoietin mimetic peptide
AGEM400 was covalently coupled with HES by Kessler et al. The study found that the
AGEM400 (HES) conjugates efficiently increase the plasma half-life of AGEM400 and also
activate in vitro erythropoiesis and stimulate survival of EPO-dependent UT7/EPO cell line
[81]. Site-specific HESylation was applied by reductive amination using a HES
derivative carrying an aldehyde linker to conjugate anakinra. HESylated anakinra increased
the plasma half-life by around 6.5 times and bioavailability by around 45 times compared to
native anakinra [82]. Recently, a site-selective enzymatic conjugation of HES with
recombinant human erythropoietin (rHUEPO) was reported. The conjugation reaction was

carried out between an amine-functionalized HES (HES-g-NH;) and rHuEPO catalyzed by
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thermoresistant variant mTGase TG'®. The SDS-PAGE analysis revealed high molar mass
conjugates as well as cross-linked aggregates. This demonstrated the site-specific HESylated
rHuEPO conjugation using an enzymatic method under mild reaction conditions which may

potentially lead to an increase in the half-life of rHuEPO [83].
1.3. Lipids as therapeutic carriers

The term lipids refers to a group of compounds that are structurally and functionally diverse,
composed of fatty acids and their derivatives. These molecules are insoluble in water but
readily soluble in organic solvents [84]. Lipids are the most essential structural constituents
of cellular membranes and plasma and are responsible for many biological functions to
regulate cell homeostasis. According to the Lipid Metabolites and Pathways Strategy (LIPID
MAPS) consortium, lipids can be classified as fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
polyketides [85]. By varying the chain lengths and incorporating multiple functional groups,
the diversity and physicochemical properties of these structures can be further expanded and
modulated. The wide range of structural and functional variations opened up the possibilities
of applying lipids as an essential alternative to synthetic polymers for the development of
lipid-based nanocarrier drug delivery systems. By harnessing the distinctive properties, lipids
play an essential role in fabricating designed nanocarriers for the efficient delivery of active
substances. Lipid-based carriers offer a versatile platform to encapsulate and protect drugs as
well as other active substances, allowing control and sustain release of the encapsulated
substances while enhancing their stability and bioavailability to improve therapeutic efficacy

[50].

Recent progress in lipid-based nanoparticles has revolutionized advanced drug delivery
systems, particularly in pharmaceutical sciences, by providing enhanced solutions for
addressing and combating various diseases. Consequently, researchers have exhibited
significant interest in lipid-based nanocarriers due to their biodegradability, biocompatibility,
non-toxicity, safe and non-immunogenic characteristics, making lipids a suitable candidate as
carriers for delivering drugs through different routes of administration. A wide variety of
lipid-based nanoparticles have been developed for drug delivery applications over the years
including solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), lipid drug
conjugates (LDCs), liposomes, nanoemulsions, lipid extrudates and implants and lipid-

polymer hybrid (LPH). The most extensively studied lipid-based nanocarriers are SLNs and
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NLCs, however, the major drawback of these nanoparticulate systems is the limited loading
capacity of the hydrophilic drugs due to the partitioning effect. To address this challenge, one
of the strategic pathways that have been employed is the designing of lipid drug conjugates
(LDCs). Moreover, LDCs gained particular attention for their potential in medical and drug

development applications [86].

LDCs are modified chemical entities in which the active substances are linked with lipids via
covalent or non-covalent interactions. Different lipids such as fatty acids, glycerides, steroids,
and phospholipids (Figure 4) have been utilized to synthesize LDCs which enhance the

lipophilicity of parent drugs and alter the other drug characteristics.
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Figure 4. General structures of lipids used for lipid drug conjugates (LDCs).

Moreover, LDCs exhibit several advantages including increased systemic bioavailability,
improved targeted drug delivery, extended drug release, enhanced drug diffusivity, increased
drug loading capacity and stability, overcome drug resistance, and decreased toxicity [87].
LDCs can be administered without further requirements of delivery carriers because the
conjugation of a lipid with a drug may produce an amphiphilic molecule that can form self-
assembled nanoparticles. Several studies have been performed to deliver LDCs effectively

without a delivery carrier. For instance, squalene, a most commonly used lipid for LDCs, has
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the ability to self-assemble into nanoparticles in aqueous solutions. Couvreur et al.
synthesized squalene-gemcitabine conjugate (SQgem) which formed nanoassemblies by
simple precipitation in water [88]. The cryogenic transmission electron microscopy revealed
hexagonal or multifaceted shape nanoassemblies with an average particle size of 104 nm in
which water and gemcitabine were at the core surrounded by squalene molecules, showing
improved anticancer effects in different tumor cell lines. The self-assembled SQgem
conjugates exhibit greater anticancer activity in the P388 subcutaneous-tumor-bearing mice.
Similarly, the antiviral drug acyclovir (ACV) has been conjugated with squalene (SQ)
molecules to develop amphiphilic SQACV conjugates and found that the self-assembled
SQACYV enhances ocular bioavailability of ACV [89]. Although carrier-free self-assembled
LDCs showed promising outcomes for drug delivery, most LDCs are usually integrated into
various delivery platforms like lipid nanoparticles, liposomes, micelles, nanoemulsions, and
others to improve targeted drug delivery, protect from degradation, and prevent dose
dumping. The release of drugs from LDC-loaded formulations involves two crucial steps that
could positively impact the pharmacokinetic profile of drugs. Initially, the LDC is released
from the formulation through diffusion or erosion. Next, the released LDC is converted into
the parent drug by gastrointestinal or other physiological enzymes [90]. In general, LDC-
loaded formulations provide the kinetic stability of the dispersed particles by reducing the
interfacial tension between the dispersed phase and dispersion medium by increasing the
surface-to-volume ratio [91]. LDC-loaded formulations have been widely investigated by
utilizing different delivery platforms. Gabizon and coworkers reported the synthesis of
mitomycin C lipid-based prodrug (MLP) where mitomycin C (MMC) conjugated with a
glyceride lipid moiety, di-stearic acyl glycerol, through a dithiobenzyl bridge. The PEGylated
liposomal formulation (PL-MLP) of MLP showed an extended plasma half-life of MLP (10—
15 h), high in vitro stability, and no drug leakage in mouse tumor models. PL-MLP also
observed delayed tumor growth, higher tumor regression and reduced toxicity in human
gastroentero-pancreatic tumor models of mice [92]. In another study, a highly lipophilic
squalenoyl-paclitaxel prodrug was obtained by using paclitaxel and 1,1’,2-¢trisnorsqualenoic
acid via carbodiimide reaction, aiming to enhance the incorporation efficiency in
phospholipid multilamellar vesicles (MLV) formulation. The authors found that the
incorporated lipophilic squalenoyl-paclitaxel prodrug was retained in the MLV and the
encapsulation efficiency was increased compared to parent paclitaxel [93]. Recently, a
nanoemulsion preconcentrate formulation containing dimeric artesunate glycerol

monocaprylate conjugates (D-AS-GC) was reported. D-AS-GC was synthesized by applying
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the dimerization concept using antimalarial drug artesunate (AS) and a dimeric moiety
glycerol monocaprylate (GC). Subsequently, a lipid-based nanoemulsion formulation was
developed as a carrier for lipophilic D-AS-GC. The results demonstrated the successful
synthesis of D-AS-GC and a transparent D-AS-GC containing nanoemulsion formulation
upon dilution in an aqueous phase. Moreover, AFM investigations revealed the evaporation-
induced coalescence of the droplets which clearly visualized the formation of a core shell-like
structure containing the lipophilic D-AS-GC in the inner cavity of the droplets composed of

oil phase with an outer layer of surfactant/cosurfactant [94].

1.4. Conjugation strategies
1.4.1. Chemical conjugation

Several chemical strategies have been developed to achieve an effective conjugation reaction
between therapeutic agents with the carriers. Figure 5 represents a summary of the most

common chemical reactions used in organic synthesis and pharmaceutical drug delivery.
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Figure 5. Some common chemical strategies used for conjugation reactions.

Reductive amination

Reductive amination is a well-established and popular method in pharmaceutical and organic
chemistry for the efficient and rapid formation of C—N bonds, facilitating the attachment of
amines to carbonyl-containing compounds, such as aldehydes and ketones [95]. This process

involves an initial reaction of the carbonyl group with a primary amine under acidic
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conditions to form a hemiaminal intermediate, which then undergoes dehydration to produce
an unstable reversible imine or iminium ion intermediate (Schiff base) [96]. Subsequently, the
imine intermediate is irreversibly reduced using a mild reducing agent at room temperature to
yield the desired amine bond between the substrate of interest. Hydrogenation using various
catalysts and borohydrides such as sodium cyanoborohydride (NaBH3;CN) and sodium
triacetoxyborohydride (NaBH(OAc);) are commonly used as reducing agents due to their
high selectivity for imines and minimal reactivity with other oxo groups [97-101]. Reductive
amination has been applied across different fields particularly in organic synthesis [102,103],
pharmaceuticals and therapeutic delivery [96,104,105], materials sciences [106], and

agrochemicals [107,108].

Maillard conjugation

The Maillard reaction is a rapid, non-enzymatically catalyzed reaction which occurs between
amino acids and reducing sugars when heated [109,110]. The French chemist Louis-Camille
Maillard first described the Maillard reaction in 1912 and the mechanism was explained by an
African-American chemist John E. Hodge in 1953 [111-114]. The Maillard reaction is
initiated by the condensation between the amino groups and the reducing sugars to produce a
Schiff base [115]. The reaction is followed by a series of complex reactions and goes through
Amadori rearrangement to give a more stable Amadori product [116]. The final stage results
in the formation of various products such as n-formylated drugs and melanoidins which are
brown nitrogen-containing polymers and co-polymers [109,117,118]. As the Maillard
reaction is a natural, nontoxic, and effective method [119], it has been widely applied in the
food industry for protein modification with diverse flavors, aromas, and textures [116,120—
123]. Moreover, the Maillard reaction attracted scientific interest in the fields of
pharmaceutical drug delivery to develop polysaccharide-protein Maillard conjugate-based

nanoparticles [124—130].

Copper (Cu)-catalyzed azide-alkyne cycloaddition

Click chemistry has received tremendous interest as an emerging technique in the fields of
biomedical science, material science, and chemistry due to its biocompatibility and
bioorthogonality [131,132]. The term “click chemistry” was introduced by K. Barry Sharpless
and coworkers in 2001 in the field of drug discovery [133,134]. The Cu-catalyzed azide-
alkyne 1,3-dipolar cycloaddition (CuAAC) is a prominent example of click reaction and is
exploited widely in various fields such as polymer functionalization, bioconjugation,

liposomes, metal and silica nanoparticles and dendrimers [135-140]. The reaction involves
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cycloaddition between an azide and a terminal alkyne catalyzed by Cu(l) at room
temperature, both in aqueous media and organic solvents, and applied for various applications

[141,142].
Oxime chemistry

Oxime chemistry has become increasingly popular in recent years due to its ease of synthesis
and is now being utilized in a wide range of applications. Oximes are synthesized by
condensation reaction between aldehydes or ketones and aminooxy groups in a slightly acidic
medium, resulting in the formation of ketoximes or aldoximes [143]. As members of the
imine family, oximes are also known as Schiff's bases when all R groups are alkyl or aryl
[144,145]. Although imines are typically unstable, the presence of an oxygen atom near the
amine in the aminooxy group (known as the a-effect) enhances the oxime bond's stability
under physiological conditions, making it suitable for conjugation [146,147]. Oxime ligations
have been applied for numerous applications, mainly in the field of bioconjugation and in

industry for the production of caprolactam [148—153].

Michael addition

The Michael addition discovered by Arthur Michael, is a versatile synthetic methodology for
the coupling reaction between nucleophiles with activated olefins or alkynes, resulting in the
nucleophile adding across a carbon-carbon multiple bond [154]. The Michael addition is a
special type of 1,4-conjugate addition reaction that refers to the addition of an enolate-type
nucleophile known as ‘Michael donor’, in the presence of a catalyst to an activated a,f3-
unsaturated carbonyl-containing compound, known as ‘Michael acceptor’. This reaction is
further proceeded by generating a negatively charged enolate intermediate that upon
protonation forms the Michael adduct [155-159]. The Michael addition yields highly
selective products with high conversions and favorable reaction rates under mild reaction
conditions [160,161]. Michael addition reactions are widely applied in organic synthesis,
materials chemistry, surface modification, bioconjugation, and polymer synthesis and

modifications [162—165].

Staudinger reaction

The Staudinger reaction is an important method in organic chemistry for its utility in
synthesizing amines from azides and was first described by Hermann Staudinger in 1919
[166]. It involves the reaction between an azide and a phosphine using triphenylphosphine

(PPh;) as the reducing agent. The reaction proceeds through the formation of an
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iminophosphorane or aza-ylide intermediate and nitrogen gas, which then hydrolyzes in the
presence of water to produce the desired amine and triphenylphosphine oxide as a by-product
[167,168]. The reaction is considered to be a mild, stable, and highly selective process under
physiological conditions [169]. The Staudinger reaction was first introduced by Saxon and
Bertozzi in the field of glycobiology and till then it is a well-established chemical method for
bioconjugation [170,171]. This method has been commonly used for the labeling of chemical
probes to biomolecules such as glycans [172—174], lipids [175-177], proteins [178—180], and
DNA [181-183]. Furthermore, the Staudinger method is also utilized as a useful synthetic
method for the synthesis and modification of wvarious peptides/proteins [184—186],
construction of microarrays [187-189], cell surface engineering [190-192], and drug delivery

[193,194].
Suzuki-Miyaura coupling

The Suzuki—Miyaura coupling reaction is a suitable and highly effective technique for the
formation of new carbon-carbon bonds [195]. Suzuki and Miyaura first introduced the
synthesis of arylated-alkenes using palladium as a catalyst in 1979, since then the Suzuki-
Miyaura coupling has become widely applied in the synthesis of various organic compounds
and complex molecules, both in industry and academic research [196]. In the Suzuki—
Miyaura coupling reaction, an organoboron compound (boronic acid or boronic ester) and an
organohalide are cross-coupled using a palladium catalyst in the presence of a base in a
suitable organic solvent [197-200]. This reaction has been widely used for the of amino acids
and peptides/proteins functionalization [201-205], polymer synthesis [206], polymer-protein
conjugation [207], and drug discovery and development [208].

Carbodiimide and carbonyldiimidazole-mediated coupling

Carbodiimide and carbonyldiimidazole-mediated coupling are the most universal methods for
the labeling and conjugation of small molecules and biomolecules with the targeted moiety.
Carbodiimide-based coupling is the most common method for the activated esters preparation
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl), N,N'-di
cyclohexylcarbodiimide (DCC), and N,N'-diisopropylcarbodiimide (DIC) as activating agents
[209]. Among them, the EDC-based coupling strategy has been widely investigated. It is
considered a zero-length cross-linking agent employed to couple carboxyl groups with amines
or alcohol, thereby forming stable covalent amide or ester bonds, respectively [210]. EDC is a
water-soluble crosslinker which activates carboxylic acid groups suitable for coupling

primary amines and hydroxyl groups and subsequently forms reactive O-acylisourea
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intermediates. The O-acylisourea intermediate can readily rearrange to water-soluble by-
product N-acylurea that can easily be removed by simple dialysis or gel filtration [211,212].
N-hydroxysuccinimide (NHS) or sulfo-NHS and DMAP (4-dimethylaminopyridine) are often
used in combination with EDC as the catalyst to enhance the coupling efficiency and to
produce a stable intermediate [213,214]. This coupling strategy has been extensively applied
in the field of peptide/protein crosslinking [215,216], immobilization of macromolecules
[217], therapeutic delivery [79,218-220], nanoparticle functionalization [221,222], and
surface modification [223,224].

Another commonly used and safe coupling agent is 1,1’-carbonyldiimidazole (CDI) [225],
useful for the preparation of carbonates, ureas, amides, carbamates, urethanes, and esters
[226-229]. The CDI-mediated coupling reaction proceeds with the formation of a reactive
intermediate N-acylimidazole, which subsequently reacts with amines or alcohols to form
stable covalent bonds with the liberation of imidazole and carbon dioxide as byproducts
[230]. The CDI coupling reaction has been applied for various applications such as peptide
synthesis [231-235], synthetic chemistry [236,237], enzyme and ligand immobilization
[238,239], therapeutic delivery [83,240,241], and in the pharmaceutical industry [242,243].

1.4.2. Enzymatic conjugation

The increasing demand for proteins, peptides, and enzymes in commercial uses has driven the
importance of advanced tools to modify these molecules [244]. Functionalizing proteins with
small molecules and other macromolecules facilitates the protein-based products to enhance
stability, target drug delivery, create novel materials, and improve robustness [245-249].
Different chemical conjugation strategies have been utilized in protein functionalization due
to robustness and high conversion rates. However, these approaches have several
shortcomings such as lack of site specificity, selectivity, and instability of proteins under
harsh reaction conditions. Moreover, the conjugation reactions with lysine (Lys), the most
abundant surface residue in proteins, produce a heterogeneous mixture of the resulting
conjugates which in turn decrease the bioactivity of the protein [250,251]. For example,
lysine was modified via N-hydroxysuccinimide (NHS) chemistry, leading to heterogeneous
conjugates with altered pharmacokinetic and therapeutic properties [252]. The less abundant
cysteine residue has also been modified through maleimide coupling, resulting in the
formation of unstable thiosuccinimide [253,254]. Apart from chemical coupling, enzyme-
mediated bioconjugation has been employed as an alternative approach for protein

conjugation in the chemical and pharmaceutical industry due to high reactivity, site

19



1 | Introduction

specificity, regioselectivity, and efficiency under mild reaction conditions [255]. Different
enzymes have been widely used for protein modification such as peptidases (subset of the
hydrolase family) class including sortase A and subtiligase; transferases class including
transglutaminase, farnesyltransferase, n-myristoyl transferase and phosphopantetheinyl
transferases; ligase class including tyrosine ligase, lipoic acid ligase and biotin ligase; and
oxidoreductases class including formylglycine generating enzyme, laccases, peroxidases and
tyrosinases [256,257]. Among those enzymes, transglutaminases are one of the most

comprehensively studied transferase classes for site-specific protein modification.

1.4.2.1. Transglutaminases

Transglutaminases (TGases, EC 2.3.2.13) are the most studied and well-established enzyme
in the field of enzymatically catalyzed protein modification. For protein conjugation, TGases
are specifically selective for one or few glutamine (GIn) residues (act as acyl donors) of the
targeted protein, while flexible regarding the amine-containing acyl acceptors, allowing
various possibilities for modification [258]. TGases are protein-glutamine vy-
glutamyltransferases that catalyze acyl-transfer reactions by transferring the acyl group from
the y-carboxamide of a protein-bound Gln residue to various linear primary amines including
the e-amino group of lysine residues, forming an isopeptide bond with formation of ammonia
as a by-product (Figure 6). Depending on the acyl acceptor substrate, TGases can modify
proteins by incorporating primary amines such as alkylamine or an oligoamine, intra- and
inter-molecular protein crosslinking via lysine residues, and water (act as acyl acceptor)
assisted deamidation of GIn residues [259]. TGases are mostly distributed in mammalian
tissues and body fluids, plants, and microorganisms [260,261]. TGases are widely used in the
food industry, biomedical engineering, textiles, and leather processing [262]. TGase was first
isolated and purified from guinea pigs and until the late 1980s, was the only primary source
of this enzyme for commercial use [263]. However, the widespread industrial use of this
TGase has been constrained by its calcium-dependent transamidation activity, limited
availability of the sources, and high production costs [264]. To optimize these limitations,
extensive investigations have been conducted to screen TGases by genetic engineering and
from microbial origins that are typically economical and can be produced in large quantities

with high purity [265].
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NH, + H,N TGase

Protein bound glutamine Lysine/primary amine Protein conjugate with the
(Gln) residue containing chain formations of isopeptide bond

Figure 6. Schematic representation of TGase-catalyzed coupling reaction.

1.4.2.2. Microbial transglutaminases

Genetic engineering using host microorganisms is an important strategy to obtain TGases in
large amounts at low prices for industrial, medical, or research applications. Several
researchers have tried to produce genetically modified TGases, such as expressing guinea pig
liver TGase in E. coli, Streptoverticillium TGase in E. coli, human factor XIIla in yeast and
Streptomyces species, but due to regulatory and consumer issues, none have been accepted for
commercial uses [266—-269]. Afterwards, screening of TGase from microbial sources was
conducted in collaboration with Amano Pharmaceutical Co. using the hydroxamate assay and
found a microorganism with calcium-independent TGase activities [270]. The enzyme known
as microbial TGase (mTGase), a variant Streptoverticillium mobaraense (later classified as
Streptomyces mobaraensis), facilitates the large-scale production of TGase using
conventional fermentation technology [269,271]. The enzyme has been approved by the FDA

as a generally recognized as safe (GRAS) substance for human consumption [272].

mTGase is a simple monomeric protein composed of a single polypeptide chain of 331 amino
acids, a molecular mass of 37.9 kDa, and an isoelectric point of 8.9. It has a tertiary disk-like
structural domain with an o/p fold determined by eight B-strands surrounded by 11 a-helices
and overall dimensions of 65 x 59 x41 A. The active center of mTGase is composed of a
catalytic Cys-Asp-His triad (cysteine 64, aspartic acid 255, and histidine 274 residues) where
the thiol group of Cys64 is the key residue for catalytic cross-linking activity [273].

The catalytic mechanism of mTGase begins with a nucleophilic attack by the thiol group of
Cys64 on an acyl donor GIn residue of protein (step 1). Asp255 then donates a proton,
forming a thioester Intermediate I and releasing ammonia (steps 2 and 3). An amine
substrate (acyl acceptor) proceeds towards the active carbonyl group of the thioester
Intermediate I and subsequently the nucleophilic attack by negatively charged Asp255 to a

proton of the amine leads to a thioester Intermediate I1 formation (step 4). Finally, the cross-

21



1 | Introduction

linked product is released from the thioester Intermediate II, regenerating the free enzyme

(steps 5 and 6) [273]. The mTGase-mediated catalytic mechanism is shown in Figure 7.
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Figure 7. mTGases-catalyzed reaction mechanism. His, Histidine; Cys, Cysteine; Asp,

Aspartic acid; Lys, Lysine and Gln, Glutamine [273].

The catalytic activity of mTGases highly depends on the reaction condition and the presence
of metal ions. For example, mTGase from Streptomyces mobaraensis shows maximum
activity at 55 °C while losing its activity at 70 °C within in few minutes. For a range of
mTGase species, the temperature between 45-55 °C and pH around 5 to 8 are considered as
optimal for mTGases activity and stability. In addition, metal cations such as Li', Cu2+, Zn2+,
and Pb®" inhibit the mTGases activity by binding with and blocking the thiol group of the
single cysteine residue [274,275]. mTGase is Ca’’ independent which is a very useful
property for food protein modification such as myosins, milk caseins, and soybean globulins.
These are sensitive to Ca®’, readily precipitate, and show less sensitivity to mTGases [276].

Moreover, the catalytic activity of mTGase depends on the flanking amino acids near to Gln
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and Lys residues. Investigation on recombinant Streptomyces mobaraensis mTGase shows
that hydrophobic and basic residues, particularly arginine, tyrosine, and leucine, favorably
enhance the mTGase activity at GIn+1 and GIn-1 positions, while negatively charged amino
acids at GIn-1 inhibit it. On the other hand, Proline is only accepted at Gln-1 but not at GIn+1,
and peptides with Lys at GIln+1 or Gln-1 are not recognized due to potential cross-linking.
For acyl acceptor substrates, peptides with aromatic amino acids near Lys or those containing
two Lys residues exhibit higher activity, while those with negatively charged residues at
Lys+1 or Lys-1 are not accepted by mTGase [277]. Additionally, mTGase prefers flexible
and unfolded protein regions, as shown by Spolaore et al., who found that mTGase
recognized the amino acids Lys127, Lys164, and GInl01 located in such regions for site-

specific modifications [278,279].

Many efforts have focused on developing mTGase variants with enhanced activity and
thermal stability since some cross-linking reactions catalyzed by mTGase require high
temperatures to maintain enzyme bioactivity. A screening method was first introduced by
Marx et al. for the development of thermostable and heat-sensitive mTGase variants by
random mutagenesis. Seven mutants namely S2P, S23 L, Y24 N, G257S, K269E, H289Y,
and L294 M were produced using error-prone polymerase chain reaction (epPCR) and
demonstrated significantly enhanced thermostability at 60 °C. The S2P mutant which
involved the substitution of a single amino acid (Serine with Proline) near the N-terminus,
particularly exhibited a 270% increase in ¢, at 60 °C and higher specific activity at 37 °C
[280]. In another study, atmospheric and room temperature plasma (ARTP) mutagenesis was
utilized to enhance the fermentation production of TGase from Streptomyces mobaraensis for
food industry applications [281]. Recently, a new thermoresistant variant of mTGase, TG'®,
was developed using recombinant engineering on E. coli BL21Gold (DE3) cells and a
combination of a series of amino acid substitutions, particularly S2P, S23Y-Y24 N, H289Y,
and K294L. The mTGase-TG'® variant shows a 19-fold improved ¢, at 60 °C within 38 min
compared to the wild-type mTGase [282]. mTGase is widely used in the food industry for
restructured meat products, dairy products like cheese curd and yogurts, wheat products,
baking, edible films, textiles, and leather manufacturing. Besides, mTGase is also potentially
applied in the biomedical and pharmaceutical fields for site-specific antibody-drug
conjugations, protein-protein conjugations, and polymer-protein conjugations and for
immobilization of target molecules on solid supports [257]. Many studies have reported the

mTGase-catalyzed PEG conjugation (PEGylation) to human GCSF, human growth hormone
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(hGH), and recombinant human interleukin-2 with an improved pharmacokinetic profile of
the therapeutic proteins [283-285]. Additionally, PGA(M) (poly(glycerol adipate)) and HES
conjugation with a model protein, dimethylcasein (DMC), via mTGase-mediated coupling
has also been reported [286,287]. Recently, a sugar-based amine grafted poly(D-sorbitol
adipate) (PDSA) has been conjugated with recombinant human erythropoietin (rHuEPO)
using a thermoresistant variant of mTGase TG'® at the transition temperature Ty, of rHuEPO
(54.3 °C) [288]. This new polyester-based rHUEPO-PDSA conjugates opened up new
possibilities for utilizing this enzymatic method for therapeutic protein conjugation with
potential applications. Accordingly, amine-functionalized HES conjugated with rHuEPO
using the same TG'® variant to develop biodegradable and water-soluble rHUEPO-HES
conjugates could potentially enhance the pharmacokinetics properties of rHuUEPO [83].

1.5. Formulation strategies

To achieve efficient delivery of the therapeutic agents, several formulation strategies have
been established to develop nanocarrier platforms in the field of nanomedicine. Some of these

nanocarrier systems are briefly described below and illustrated in Figure 8.

%\?\%ﬁ

Polymer-drug conjugate Llposome Polymeric nanoparticle Micelle

Polymer-protein conjugate Nanoemulsion Solid lipid Nanostructured lipid
nanoparticle (SLN) carrier (NLC)

Figure 8. Different nanocarrier systems for therapeutic delivery.
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Polymer-drug conjugates

Polymer-drug conjugates can be defined as a system in which the pharmacologically active
drug molecules are covalently attached to the polymer backbones commonly through a
biodegradable linker with or without additional attachment of solubilizer, targeting moieties
or diagnostic agents. Polymer-drug conjugates offer several advantages such as better drug
solubility, extended plasma half-life, increased bioavailability, enhanced therapeutic
effectiveness, controlled drug release, protection from degradation, reduced drug toxicity and
side effects, and improved overall pharmacokinetic profiles and patient compliances. The
most important factors that influence polymer-drug conjugations are the selection of
polymers, selectivity of functional groups, and biodegradable bond formation to release the
drugs in their active form to their target sites [214]. The polymer-drug conjugate was first
reported by von Horst Jatzkewitz who conjugated poly(vinyl pyrrolidone) (PVP) with a
psychedelic alkaloid mescaline through a glycylglycine spacer. Consequently, numerous
synthetic polymers have been extensively studied to achieve an efficient delivery of drugs.
Among synthetic polymers, PEG is widely used as a gold standard for polymer-drug
conjugations and many PEG-based drug products are already in the clinical trial or approved
by the Food and Drug Administration (FDA) for the treatment of various diseases. Besides,
various natural biopolymers have also been explored as substitutes to commonly used

synthetic polymers for the development of polymer-drug conjugates [289].

Polymer-protein conjugates

Proteins are widely used for the treatment of various diseases such as cancer, autoimmune
diseases, diabetes, and others. While proteins provide high therapeutic activity and
specificity, these therapeutic agents face challenges like short plasma half-life, poor stability,
low solubility, immunogenicity, and rapid renal clearance which limit their effectiveness.
Thus, there have been ongoing efforts to find better alternatives for protein delivery. Polymer
conjugation with therapeutic proteins has been proven as an effective method to address the
aforementioned issues. Covalent coupling of PEG with bovine serum albumin (BSA) was the
first developed polymer-protein conjugate reported by Abuchowski et al. The PEG-BSA
conjugates showed a prolonged plasma half-life, low immunogenicity, and better solubility
compared to native BSA [290]. Subsequently, many PEGylated proteins have been
investigated and approved for the treatment of various diseases. To date, PEG is the most
widely used and accepted polymer for clinical applications due to its water solubility,

flexibility, and biocompatibility. Besides, PEG provides a “stealth effect” that reduces
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interactions between proteins and the reticuloendothelial system, thereby preventing rapid
clearance [291]. Additionally, highly functional water-soluble, biocompatible, and
biodegradable polymer alternatives, including polyester and polysaccharides-based protein
conjugates have also been synthesized and evaluated for expanding the field of polymer—
protein conjugations. For example, PDSA and HES have been enzymatically conjugated with
rHuEPO via mTGase-mediated coupling reaction under mild conditions which could

positively impact the pharmacokinetics profile of rHuEPO [83,288].

Liposomes

Liposomes are spherical-shaped vascular structures composed of self-assembled lipid bilayers
made up of one or more hydrated phospholipids. Liposomes form a core shell-like structure in
which the inner core consists of hydrophilic domains surrounded by a hydrophobic bilayer
phospholipids shell. The inner aqueous core facilitates encapsulating the hydrophilic entities,
while the hydrophobic shell in the lipid bilayers can encapsulate hydrophobic substances.
Being structurally similar to biomembranes, allows liposomes to interact easily with cell
membranes, resulting in excellent biocompatibility. Besides, the available possibility of
modifying liposomal surfaces by conjugating with polymers (e.g. PEGylated stealth
liposomes) and targeting moieties (e.g. monoclonal antibodies or receptor ligands) to alter the
pharmacokinetic properties, makes them an ideal choice for designing carriers of various
therapeutic drugs [292]. Liposomes were initially discovered by Bengham in the 1960s, and
have since become the most commonly used carrier system of drugs and therapeutics for
many diseases. Liposomal drug delivery systems offer several benefits such as improved drug
delivery by targeting the site of action, prolonged systemic circulation time, encapsulation of
both hydrophilic and lipophilic drugs in the same cargo, preventing degradation, and reduced
drug-related toxicity and side effects. Various types of liposomes have been developed
including unilamellar liposomes, multilamellar liposomes, and long-circulating liposomes as
carriers for therapeutic agents, including drugs, proteins, enzymes, nucleic acids, and
theranostics. Moreover, liposomes are often used as a model for biological cell membranes.
The first liposome-based formulation “Doxil®”, a liposome-encapsulated doxorubicin, was
approved by the FDA in 1995 for treating HIV. Since then many liposomal formulations have

been developed and are at various stages of preclinical and clinical development [293].
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Polymeric nanoparticles

Polymeric nanoparticles are self-assembled colloidal systems composed of different
polymeric materials with dimensions on the nanoscale range. Extensive research has been
conducted on polymeric nanoparticles as nanocarriers for the delivery of various therapeutic
agents. These nanoparticles can be categorized as matrix-type nanospheres or reservoir-type
nanocapsules. Nanospheres are networks of polymer in which the drugs are dispersed or
embedded in the polymeric matrix, whereas nanocapsules have core shell-like architectures in
which the drugs are dissolved or encapsulated in the core surrounded by a polymer membrane
[294]. Like other nanocarrier drug delivery systems, polymeric nanoparticles impart multiple
advantages, such as prolonged circulation time, high drug loading capacity, enhanced
stability, and controlled and sustained drug release. The principal advantage of polymeric
carriers is their tunable characteristics which means it has the ability to modulate the physical,
chemical, and biological properties of the nanoparticles by designedly modifying the core and
the surface components, leading to control the degradation of nanoparticle and hence the drug
release. In addition, the biocompatibility and biodegradability of the polymeric nanoparticles
further improve their effectiveness in drug delivery [295]. Several polymers, both natural and
synthetic, have been widely employed as drug delivery vehicles due to their versatile and
attractive  features. The most commonly used synthetic polymers are N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer, poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), lactic and glycolic acid copolymers (PLGA), and poly(g-caprolactone) (PCL).
Besides natural polymers such as dextran, alginate, chitosan, and heparin have been widely

investigated as nanoparticulate carriers [296].

Micelles

Micelles are monolayer colloidal systems formed spontaneously via self-assembly of the
amphiphilic macromolecules above certain specific concentrations. This particular
concentration at which micelles formation occurs is known as the critical micelle
concentration (CMC) [297]. Amphiphilic molecules are composed of both hydrophilic head
groups and lipophilic segments. Significant solubility differences between the hydrophilic and
lipophilic parts of the amphiphiles, enabling them to form core shell-like nanostructured
micelles in a suitable medium. Generally, micelles are composed of a lipophilic core
surrounded by a hydrophilic shell in an aqueous medium. However, in non-polar solvents, the
composition of micelles is reversed, leading to the formation of reverse micelles with a

hydrophilic inner core and a lipophilic outer block. In common micellar system, the

27



1 | Introduction

hydrophilic polar head groups usually interact with the outer bulk aqueous phase providing
the steric stability of the system, while the lipophilic segments tend to aggregate in the core of
the micelles to avoid contact with the surrounding aqueous medium. The versatile
characteristics allow micelles to serve as a suitable nanocarrier for both hydrophilic and
hydrophobic drugs. The drugs can be loaded in the micelles either by physical encapsulation
through noncovalent interactions or by covalent attachment of drugs with suitable entities like
polymers or lipids before micellization [298]. For example, highly stearate grafted HES (St-
HES) conjugates were synthesized, capable of producing self-assembled micelles in an
aqueous medium with a more hydrophobic inner core that could effectively encapsulate
highly hydrophobic drugs with a high encapsulation efficiency [79]. Typically, dissolution in
an aqueous medium is a crucial factor for drug absorption and biodistribution. These
amphiphilic polymeric micelles have been extensively investigated due to the enhanced

solubility of poorly soluble drugs and improved in vivo pharmacokinetics.

Nanoemulsions

Nanoemulsion is another important approach to nanocarrier platforms for drug delivery.
Nanoemulsion is a biphasic liquid dispersion of oil and aqueous phase stabilized by an
emulsifying agent. The droplet size of nanoemulsion is in the nanometer range with a very
low polydispersity index. Depending on the dispersed and continuous phase, nanoemulsions
can be classified as oil-in-water (O/W), water-in-oil (W/O), or multiple emulsion systems
such as W/O/W. Among them, O/W nanoemulsions have been frequently used for the
delivery of poorly water-soluble or lipid drug conjugates. The O/W nanoemulsions are
usually composed of an oil core surrounded by surfactants dispersed in aqueous phase.
Sometimes a co-surfactant is used in combination with surfactants to facilitate the
nanoemulsion stabilization process. Nanoemulsions are biocompatible and kinetically stable
due to small droplet size which gives rise to an isotropic, clear, or translucent formulation.
Due to the composition of the oil core, it provides high encapsulation efficiency of
hydrophobic drugs or lipid drug conjugates [299]. Recently, a nanoemulsion formulation was
developed using medium-chain triglycerides (MCT), Kolliphor HS15, and propylene glycol
as oil, surfactant, and cosurfactant, loaded with dimeric artesunate glycerol monocaprylate
conjugates (D-AS-GC) in the oil core demonstrated a clear, stable nanoemulsion formulation
when dispersed in the aqueous phase (water). The authors concluded that the dimeric lipid

drug conjugates in combination with nanoemulsion formulation could efficiently increase the
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in vivo half-life, prolong circulation time, protect from degradation, and overcome drug

resistance of the antimalarial drug, artesunate [94].

Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are lipid-based colloidal drug delivery carriers developed in
the early 1990s. SLNs are structurally similar to nanoemulsion formulations except the liquid
lipid (oil) core of an emulsion is replaced with solid lipids. A standard model of SLNs
consists of a solid lipid core encased by an emulsifier interface. The process of formulating
SLNs usually involves melting the solid lipids and then dispersing them in an aqueous phase
to form nanoparticles typically with the help of emulsifiers [300]. This solid lipid core can be
made from various biocompatible and biodegradable lipids such as triglycerides, fatty acids
and fatty alcohols, waxes, and steroids that are solid at room and body temperature. The outer
shell of SLNs is typically stabilized by emulsifying agents to maintain homogenous
dispersion and prevent aggregation. The distribution of the drug within SLNs can be achieved
by following three different models, homogeneous matrix model (uniformly distributed
within the lipid matrix), drug-enriched shell model (entrapped into the shell around the lipid
core), or drug-enriched core model (embedded in the core with an encased lipid shell) [301].
Thus, SLNs could effectively load both hydrophilic and hydrophobic therapeutic agents,

making it one of the most versatile options for drug administration through various routes.

Nanostructured lipid carriers (NLCs)

Nanostructured lipid carriers (NLCs) are the second-generation lipid-based nanocarriers for
drug delivery. NLCs consist of a mixture of solid lipids and liquid lipids, which help to
release the drugs in a controlled manner by increasing drug loading and reducing the initial
burst release [302]. NLCs are produced by melting the blend of solid and liquid lipids,
dispersed in a hot aqueous solution of emulsifying agents (stabilizer) followed by cooling to
form lipid matrixes. The blending of solid and liquid lipids exhibits melting point depression
compared to the original lipids, while the matrix remains solid at body temperature. The basic
concept of NLC is to disrupt the perfect crystal formation by using a lipid mixture with varied
crystal structures and sizes. This results in a lipid matrix with numerous imperfections,
creating enough space for drug incorporation with high loading capacity and efficiency. The

preparation of an imperfect crystal structure is the perfectness of NLCs [303].
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Drug delivery systems are an advanced field of research that intricately weaves together the
drug design and delivery mechanisms to optimize therapeutic outcomes. This approach
capitalizes on cutting-edge scientific progress, where modern technology increasingly
incorporates nanotechnology platforms to improve drug delivery systems. Nanotechnology
enables the development of precise drug delivery systems with controlled release rates,
improved solubility and bioavailability, and enhanced absorption of therapeutic agents. By
combining modified or existing therapeutic agents with nanotechnology, researchers can
finely tune the physical and chemical properties of these drugs. Drug design involves
synthesizing and modifying the active substances to achieve the desired pharmacokinetic and
pharmacodynamic properties of the therapeutic agents. Concurrently, the delivery aspect
focuses on devising innovative systems to optimize drug formulations and tailored drug
carriers to alter bioavailability and release kinetics. Combining the drug design with delivery
technologies leads to the development of potent therapeutic agents while minimizing side
effects and improving effective and safer treatments. Several natural polymers such as
polysaccharides and lipids have been extensively investigated as carriers for therapeutic
delivery for the development of polymer-drug conjugates, polymer-protein conjugates,
nanoparticle, and lipid-based nano-formulations to improve stability, solubility, plasma half-

life and protection of the therapeutic agents from degradation.

Proteins have been extensively utilized as alternative therapeutics for the treatment of
numerous diseases with high efficiency and specificity. However, despite their potential
advantages, protein therapeutics face some challenges such as instability, short plasma half-
life, immunogenicity, and fast renal clearance. Therefore, continuous efforts have been made
to develop improved methods for protein delivery. One of the most effective ways to
overcome these issues is conjugating polymers with proteins. Several chemical conjugation
methods have been employed for protein modifications. Nonetheless, these methods often
suffer from issues like poor selectivity, instability, and deteriorating effects on protein
functions. To address these problems, the first objective of this work is to develop enzyme-
catalyzed polymer-based polymer-protein conjugates using a semisynthetic starch derivative

HES under mild reaction conditions. To achieve this, a therapeutic protein, recombinant
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human erythropoietin (rHuEPO), is used to conjugate with an amine-modified HES
enzymatically catalyzed by a thermoresistant variant mTGase, TG'®. First, an amine-modified
HES (HES-g-NH,) is synthesized through a one-step carbonyldiimidazole (CDI) mediated
reaction between HES and hexamethylenediamine (HMDA) which can act as a potential
substrate for mTGase. Characterization of HES and HES-g-NHj is performed using 'H NMR,
2D 'H-'H homonuclear correlation spectroscopy (COSY), *C—"H heteronuclear single
quantum coherence (HSQC) spectroscopy, and Fourier transform infrared (FTIR)
spectroscopy. The free amine groups of HES-g-NH, are then partially labeled with a
fluorescent dye, rhodamine-B-isothiocyanate to prepare rhodamine B-labeled HES-g-NH,
(HES-g-NH,-R) and characterized by "H NMR spectroscopy. Afterward, both HES-g-NH,
and HES-g-NH,-R are used in conjugation reactions with recombinant human erythropoietin
(rHuEPO) at its transition temperature, catalyzed by the thermoresistant variant mTGase
TG'. N-deglycosylated rHuEPO is also prepared after treatment with peptide-N-glycosidase
F (PNGase F) which ensures that conjugation occurs with the polypeptide backbone rather
than the glycan moieties of rHuEPO and applied for conjugation with HES-g-NH, and HES-
g-NH;-R using the same recation conditions. All conjugates are analyzed by SDS-PAGE and

examined using fluorescence analysis and silver staining.

The second objective of this work is to further apply HES to develop a design polymeric
nanocarrier that can be used to encapsulate hydrophobic and poorly water-soluble drugs with
high encapsulation efficiency and provide sustained release of therapeutics agents. To achieve
this, amphiphilic HES conjugates are synthesized via the Steglich esterification reaction by
varying the grafting ratio of stearic acid (SA) to HES. Two different stearate grafted HES (St-
HES) conjugates are prepared. HES and the synthesized St-HES conjugates are thoroughly
investigated using 'H, 2D HSQC, and HMBC (heteronuclear multiple bond correlation) NMR
spectroscopy to get precise structural information which can further facilitate the
determination of the grafting ratio. The degree of grafting for the St-HES conjugates is
quantified using "H NMR spectroscopy. The thermal behavior and crystallization properties
of native HES and St-HES conjugates are examined using differential scanning calorimetry
(DSC) and wide-angle X-ray scattering (WAXS). Finally, the St-HES conjugates are
subjected to prepare self-assembled micelles in an aqueous phase. To analyze the particle size
and morphology of the micelles, dynamic light scattering (DLS) and scanning electron

microscopy (SEM) experiments are conducted.
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The final aim of this work is to explore a possible alternative to polymer-based drug delivery
systems. To accomplish this, a lipid-based formulation is developed by combining two
established strategies. The first strategy involves synthesizing a new dimeric lipidic drug
conjugate by utilizing the dimerization technique and the second strategy is to formulate a
nanoemulsion preconcentrate for the delivery of this novel conjugate. Accordingly, a dimeric
artesunate glycerol monocaprylate conjugate (D-AS-GC) is synthesized using the antimalarial
drug artesunate (AS) and a dimeric linker molecule glycerol monocaprylate (GC) through
carbodiimide mediated esterification reaction to obtain lipidic D-AS-GC conjugates.
Artesunate is chosen for this work due to its potential therapeutic efficacy and rapid action
while suffering from short plasma half-life and spread of resistance among malaria parasites,
which limits its optimal therapeutic efficacy. The detailed structural characterization of AS,
GC, and the D-AS-GC conjugate is conducted using 'H, attached proton test (APT) °C, 2D
HSQC, and HMBC NMR spectroscopy. To confirm the molar mass of the conjugate, an
electrospray ionization time-of-flight mass spectroscopy (ESI-TOF MS) experiment is
performed. Additionally, various formulations of D-AS-GC loaded nanoemulsion
preconcentrates are developed and diluted with an aqueous phase. The particle size of each
formulation is assessed using DLS. The particle size of the optimized nanoformulation is then
further analyzed with diffusion-ordered NMR spectroscopy (DOSY). Atomic force
microscopy (AFM) is employed to examine the final morphology of dried emulsion droplets

on different substrates.
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The main aim of this research was the design, synthesis, and structural characterization of
polysaccharide and lipid-based carriers for the delivery of therapeutics. Due to the diversity of
the topics investigated, this doctoral thesis covers two different subject areas that have been
published in three peer-reviewed research articles. The published results are presented in this
section. This section has been subdivided into two parts: part A addresses the development of
macromolecular carriers based on hydroxyethyl starch (HES), comprising two subsections
3.1.1 (Paper I) and 3.1.2 (Paper II). Part B focuses on the development of lipid-based drug
conjugates and formulation of a nanoparticulate drug delivery system, presented in subsection
3.2.1 (Paper III). Paper I describes the enzymatic approach for the conjugation of recombinant
human erythropoietin (rHuEPO) with the semisynthetic polysaccharide derivative HES using
a highly thremoresistant variant of microbial transglutaminase mTGase TG'. Therefore,
amine-modified HES (HES-g-NH,) conjugates are synthesized via CDI-mediated coupling
reaction to introduce primary amine groups that can act as an acyl acceptor substrate for
mTGase TG'®. The HES-g-NH, and the dye-labeled HES-g-NH,-R are subsequently applied
for the enzymatic conjugation with rHuEPO catalyzed by mTGase TG'. The published
results based on introducing primary amine groups on the HES backbone and its mTGase
TG'®-mediated conjugation reaction with rHuEPO are presented in subsection 3.1.1. The
starch derivative HES is further used for the synthesis of highly hydrophobized stearic acid-
HES conjugates (St-HES). Furthermore, these conjugates have been investigated to design a
self-assembled carrier for drug delivery. The published results of the synthesis of highly
grafted St-HES conjugates and the self-assembly of these conjugates are presented in
subsection 3.1.2. Furthermore, a different approach has also been investigated as a potential
alternative to polymer-based delivery systems. A lipid-based drug conjugate has been
obtained by utilizing the dimerization technique and a nanoemulsion preconcentrate
formulation has been developed as a substitute carrier for the delivery of drugs specifically
antimalarial artesunate. The synthesis of dimeric artesunate glycerol monocaprylate conjugate
(D-AS-GC) and the formulation of nanoemulsion preconcentrate are presented in subsection

3.2.1.
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3.1. Part A - Hydroxyethyl starch (HES) based conjugates

3.1.1. Paper I[: Enzymatic HES conjugation with recombinant human
erythropoietin via variant microbial transglutaminase TG16

Protein therapeutics have been widely used as promising drug candidates for the treatment of
numerous pathophysiological conditions. Most of the therapeutic proteins, e.g. recombinant
human erythropoietin (rHuEPO), exhibit relatively shorter plasma half-life. Covalent coupling
of proteins with polymers is the most efficient approach to extend the protein half-life in vivo.
Among several approaches, HESylation represents an effective alternative half-life extension
(HLE) strategy based on protein conjugation with the HES to improve the pharmacokinetic
and pharmacodynamic profiles of the therapeutic proteins. Various enzymatic methods have
been increasingly investigated as alternatives to the chemical approaches for the conjugation

of protein to polymers.

To this aim, the following paper investigates the enzymatic conjugation of rHuEPO with HES
using a thermoresistant variant of microbial transglutaminase (mTGase), TG'®. Initially, an
amine-functionalized HES (HES-g-NH,) was designed to obtain an acyl acceptor substrate for
the mTGase-catalyzed reaction with rHUEPO and thoroughly characterized by '"H NMR, 2D
NMR, and FTIR spectroscopy. Subsequently, HES-g-NH, conjugates are partially labeled
with rhodamine-B-isothiocyanate to form rhodamine B-labeled HES-g-NH, (HES-g-NH,-R).
The conjugation reaction of rHUEPO with HES-g-NH, and HES-g-NH,-R was catalyzed by
mTGase TG'® at 54 °C, analyzed by SDS-PAGE, and observed using fluorescence and silver
staining. SDS-PAGE analysis revealed the formation of high molecular mass rHuEPO-HES
conjugates and aggregates, thus demonstrating the efficiency of the TG'®-mediated enzymatic
approach for preparing rHuUEPO-HES conjugates. Overall, this study highlights the potential
of using the enzymatic approach for developing rHuEPO-HES conjugates under mild reaction
conditions which could potentially enhance the pharmacokinetics of rHuEPO, making it

suitable for therapeutic applications.

The author's contributions to the following article are: R. Hore designed the research,
conceptualized the work, performed the experiments and analyzed the data, wrote the original
draft, and made the finalization of the manuscript. R. Alaneed carried out the SDS-PAGE
experiments and analyzed the data. J. Kressler and M. Pietzsch conceptualized the work, and

supervised, discussed the results, reviewed them, and finalized the manuscript.
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Erythropoietin via Variant Microbial Transglutaminase TG'®

Rana Hore, Razan Alaneed, Markus Pietzsch,* and Jorg Kressler*

Microbial transglutaminases (mTGases) or protein-glutamine
y-glutamyltransferases are a family of enzymes that catalyze the
transamidation of glutamine (Gln) residues of proteins or peptides with
various primary amines. mTGase is suitable for site-specific enzymatic
modification of therapeutic proteins. Here, the enzymatic conjugation of
recombinant human erythropoietin (rHUEPO) with the semisynthetic starch
derivative, hydroxyethyl starch (HES), is studied, using a thermoresistant
variant mTGase TG'®. An amine-modified HES (HES-g-NH,) is synthesized to
act as an acyl acceptor substrate for TG'® and characterized by "H NMR, 2D
NMR, and Fourier transform infrared (FTIR) spectroscopy. Subsequently,
HES-g-NH, is labeled with rhodamine B-isothiocyanate resulting in
rhodamine B-labeled HES-g-NH, (HES-g-NH,-R). Finally, amine-modified
HES before and after labeling is applied for the conjugation reaction with
rHUEPO at its transition temperature T,,. Using SDS-PAGE, high molar mass
conjugates as well as aggregates are observed, thus, demonstrating the

(acyl acceptors).'3] TGases have been
widely used in food processing, textile, and
leather industries.*! Research on TGase
dates back to 1957 when mammalian TGase
has been discovered and extensively stud-
ied. Mammalian TGase is mainly isolated
from guinea pig liver and other animal
sources.l’l However, the application of this
TGase has been limited on a large indus-
trial scale due to the calcium-dependent
transamidation activity, lack of source, and
high production cost.®! To optimize the
processing cost and mass production of
TGase for food industries, many attempts
have been made by screening microor-
ganisms. Microbial transglutaminase (mT-
Gase) was first isolated by Ando et al. in
1989 from Streptomyces mobaraensis.”! Fur-

efficient conjugation of HES with the acyl donor rHUEPO. Importantly, it is
shown that this enzymatic method gives easy access to the preparation of

rHUEPO-HES conjugates.

1. Introduction

Transglutaminases (TGases, EC 2.3.2.13) comprise a diverse
group of enzymes found in several organisms including mam-
malians, vertebrates, invertebrates, plants, and microorganisms,
which catalyze the formation of a protease resistant isopeptide
bond between the y-carboxamide group of protein-bound glu-
tamine (Gln) residues (acyl donor) and various primary amines
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thermore, Gottmann and Sprossler in 1992
reported the application of mTGase in food
processing for the first time.[®! Contrary to
mammalian TGases, mTGase is highly sta-
ble and has a broader substrate specificity.°!
In addition, calcium-independent cross-
linking activity and ease of production by
fermentation make mTGase more favorable for commercial
use.[”1% Besides the widespread use of mTGase in food man-
ufacturing, it has now become a useful and versatile tool in
the biomedical field.['!! Using random and rational mutagenesis
techniques, several generations of more and more thermoresis-
tant mTGases have been generated.'>*] These thermoresistant
enzymes allow modification of (therapeutic) proteins at temper-
atures close to or above the transition temperature.

During past decades, the development of protein-based thera-
peutics has drawn interest in biotechnology and medicine. How-
ever, there are many challenges inherent to therapeutic proteins
such as physicochemical and enzymatic instabilities, rapid body
clearance, and immunogenicity.'>] An innovative technology to
improve the clinical profiles of protein therapeutics is the con-
jugation of proteins to polymers. In general, many conventional
chemical approaches have been employed for the conjugation of
polymers to the protein surfaces. Several drawbacks such as het-
erogeneity, unwanted reactivity, and poor stability of the products
have limited the applications of these strategies(!®! even though,
these chemical procedures have the potential to provide a highly
efficient conjugation.['’] To address the aforementioned issues,
site-specific, enzyme-based conjugations have been developed
due to the high selectivity of enzymes under mild reaction condi-
tions. Rashidian et al. summarized a wide range of enzymes that
have been utilized for site-specific modification of proteins.[*8]

© 2022 The Authors. Starch - Starke published by Wiley-VCH GmbH
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Among them, mTGase is of great potential because of its se-
quence specificity. For example, the mTGase-catalyzed PEGy-
lation of recombinant granulocyte colony-stimulating factor,**!
human growth factor,?"! and recombinant human interleukin-
2.1211 Apart from PEG, a wide range of carbohydrate-based nat-
ural polysaccharides and synthetic polymers have been investi-
gated for protein modification.??l Among these polymers, hy-
droxyethyl starch (HES) has received increasing interest due to
its biodegradability, biocompatibility, water solubility, and lack of
immunogenicity.2l HES is a semisynthetic derivative of the nat-
ural polysaccharide amylopectin and is widely used as a first-line
plasma volume expander (PVE).[””] However, concerns regard-
ing HES have been raised due to possible side effects mainly
related to kidney injury.?8%) It is worth mentioning that upon
using HES as a carrier for protein therapeutics at lower concen-
trations than that of PVE applications, hence, such safety issues
could be avoided.!?®! Accordingly, several approaches have been
reported for the conjugation of HES to proteins*®l as well as to
therapeutic proteins such as erythropoietin (EPO). EPO is a gly-
coprotein hormone produced in the kidney and stimulates the
production of red blood cells. It is essential for the treatment
of patients with chronic renal failure and chemotherapy-related
anemia. Because EPO has a relatively short serum half-life, the
conjugation with HES via chemical strategies has been explored
as an approach to increase its bioavailabilty.1-** Besides, the
site-specific conjugation of EPO with PEG at the level of Gln or
lysine residues using TGases has been patented in order to im-
prove its pharmacokinetics.[3°! Recently, our group has reported
a successful conjugation of rHUEPO with a sugar-based amine-
grafted poly(D-sorbitol adipate) at the level of Gln residues using
a highly thermoresistant variant of mTGase, TG'®, at the transi-
tion temperature T,, of rHUEPO (54.3°C).[3¢]

Herein, we investigated the mTGase-catalyzed conjugation
of recombinant human erythropoietin (rtHuEPO) with amine-
modified HES (HES-g-NH,) to obtain an enzymatically synthe-
sized carrier for rHUEPO delivery. Initially, we describe the syn-
thesis of HES-g-NH, to obtain a potential substrate for mT-
Gase by a one-step reaction of HES with hexamethylenediamine
(HMDA) in the presence of 1,1'-carbonyldiimidazole (CDI).
HES and HES-g-NH, were characterized by 'H NMR, 2D 'H-
'H homonuclear correlation spectroscopy (COSY), 3C—'H het-
eronuclear single quantum coherence (HSQC) spectroscopy, and
Fourier transform infrared (FTIR) spectroscopy. Afterward, the
free amine groups of HES-g-NH, were used for the partial label-
ing with rhodamine-B-isothiocyanate and the successful labeling
was confirmed by '"H NMR spectroscopy. Finally, both HES-g-
NH, and rhodamine B-labeled HES-g-NH, (HES-g-NH,-R) were
applied for the conjugation reaction with rHUEPO catalyzed by a
thermoresistant variant mTGase, TG!®. All conjugates were an-
alyzed by SDS-PAGE before and after treatment with peptide-N-
glycosidase F (PNGase F) and observed by fluorescence analysis
and silver staining.

2. Experimantal Section

2.1. Materials

Glycosylated rHuUEPO (Chinese hamster ovary [CHO] cell-
derived, >90% purity) was obtained from PeproTech GmbH
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(Hamburg, Germany). Peptide-N-glycosidase F (PNGase F) with
a concentration of 500, 000 U mL", glycoprotein denaturing
buffer, glycol buffer, and Nonidet P-40 (NP-40) were obtained
from New England Biolabs GmbH (Frankfurt am Main, Ger-
many). HES with a molar mass of 70, 000 g mol™ and molar
substitution (MS) of 0.5 was a gift from Serumwerk Bernburg
(Bernburg, Germany). CDI (>97.0%), HMDA (98%), monodan-
syl cadaverine (MDC, >97%), and rhodamine B-isothiocyanate
were obtained from Sigma—Aldrich (Steinheim, Germany). Tris
(tris(hydroxymethyl)aminomethane, >99,9%), sodium chloride
(NaCl, >99,5%), dimethyl sulfoxide (DMSO, anhydrous), dial-
ysis membranes with a cut-off molar mass of 1000 g mol!,
acetic acid (CH;COOH, 100%), formaldehyde aqueous solu-
tion (>37%), silver nitrate (AgNO;, >99.9%), ethanol (Et-OH,
>99.8%), methanol (Me-OH, >99.8%), L-glutathione (reduced
form, >98%), trichloroacetic acid (TCA, >99%), hydrochloric acid
(HCI, 37%), sodium thiosulphate pentahydrate (Na,S,05-5H,0,
>99%), and sodium carbonate (Na,CO;, >99.5%) were pur-
chased from Carl Roth (Karlsruhe, Germany). Deuterium ox-
ide (D,0, 99.9%), and N,N-dimethylformamide-d, (DMF-d,,
99.5%) were purchased from Armar Chemicals (Déttingen,
Switzerland). Hydroxylammoniumchloride (NH; (OH)Cl, >99%)
and iron (III) chloride (FeCl;, >99) were obtained from
Merck KGaA (Darmstadt, Germany). Carbobenzoxy glutamine
glycine (CBZ-GIn-Gly) was purchased from Bachem AG (Buben-
dorf, Switzerland). Protein molecular weight marker was ob-
tained from Fermentas Life Sciences (St. Leon-Rot, Germany).
PageRule Prestained Protein Ladder was obtained from Thermo
Fisher Scientific (Schwerte, Germany). HPLC grade tetrahy-
drofuran (THF) was purchased from Carl Roth (Karlsruhe,
Germany).

2.2. Methods
2.2.1. NMR Spectroscopy

The NMR spectra were recorded on a VNMRS spectrom-
eter (Agilent Technologies) at 400 MHz for 'H NMR and
100 MHz for 1*C NMR. 2D NMR measurements namely, 'H-
'H COSY and BC-'H HSQC spectroscopy, were performed
to obtain detailed structural information. Thirty milligrams
of polymer samples were dissolved in 0.7 mL of deuterated
solvents (DMF-d, and D,0) and the analysis was carried out
at 27°C, using tetramethylsilane as an internal standard. The
NMR spectral data were interpreted using MestRec (v.4.9.9.6)
software (Mestrelab Research, Santiago de Compostela,
Spain).

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiments were performed with a BRUKER Vector 22
(Bruker Optik GmbH, Germany) spectrometer at room temper-
ature with 64 scans using KBr pellets for sample preparation.
All FTIR spectra were recorded in the wavenumber range of
4000—400 cm™!. The data were interpreted using OMNIC 7.2
Spectra Software.
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Scheme 1. Synthetic pathways for a) HES-g-NH, and b) partial labeling of HES-g-NH, with rhodamine B-isothiocyanate to obtain HES-g-NH,-R. HES,
hydroxyethyl starch; HES-g-NH,, amine-modified HES; HES-g-NH,-R, rhodamine B-labeled HES-g-NH,.

2.2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

All SDS-PAGE experiments were conducted under reducing con-
ditions according to the procedure described previously.’”] All
protein samples were mixed with SDS sample buffer in equimo-
lar ratio, denaturated at 95°C for 3-5 min, and then loaded on
a 12.5% w/v poly(acrylamide) resolving gel with a 4.5% w/v
poly(acrylamide) stacking gel. Ten microliters of protein ladder
and 10 uL of protein sample were loaded into the wells of the
stacking gel. This was followed by the first electrophoresis run
(200 V, 100 mA, 8 min) and the second run (200 V, 60 mA,
45 min). After separation, the fluorescent bands were visualized
under UV light and then the gels were silver stained following
the same procedure reported by Blum et al.l*®!

2.2.4. Synthesis of HES-g-NH,

Synthesis of HES-g-NH, was performed in a single step accord-
ing to Camacho et al.?®] and Besheer et al.*%! with a slight modi-
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fication (see Scheme 1a). Briefly, HES 70, 000/0.5 (1 g, 5.4 mmol
of anhydrous glucose unit [AGU]) was dried at 110°C for 2 h and
then dissolved in 20 mL anhydrous DMSO in a 100 mL round-
bottom flask. The OH groups of HES were activated by the re-
action with CDI (0.088 g, 0.54 mmol) for 2 h, followed by the
addition of an excess amount of HMDA under constant stirring.
After 24 h, the solution was dialyzed against water and THF us-
ing a membrane with a cut-off molar mass of 1000 g mol™ and
then dried under continuous nitrogen flow.

2.2.5. Labeling of HES-g-NH, with Rhodamine B-Isothiocyanate

Rhodamine B-isothiocyanate was subsequently used to par-
tially label HES-g-NH, according to the procedure described
elsewherel*] as illustrated in Scheme 1b. Briefly, the dye was dis-
solved in 5 mL anhydrous DM SO and then added dropwise to the
polymer solution in DM SO with constant stirring. The reaction
was allowed to proceed at room temperature for approximately
18 h. After that, the reaction solution was purified by dialysis
against distilled water using a membrane with a cut-off molar
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Figure 1. "H NMR spectra of a) HES and b) HES-g-NH,, recorded at 27°C, 400 MHz, using D,O as solvent. HES, hydroxyethyl starch; HES-g-NH,,

amine NMR, nuclear magnetic resonance.

mass of 1000 g mol™ over a period of 72 h and finally dried by
freeze dryer yielding HES-g-NH,-R.

2.2.6. Enzymatic Conjugation of rHuEPO with HES-g-NH, and
HES-g-NH,-R

For this purpose, a high thermoresistant variant mTGase, TG'®,
was obtained following the previously reported procedure,'?13]
and then applied with an activity of 60 U mL™.

Reactions were performed at a final protein concentration of
500 ug mL~! in 50 mM Tris buffer and 300 mM NaCl at pH 8.
A 10-fold molar excess of HES-g-NH, and HES-g-NH,-R with re-
spect to the Gln residues of rHUEPO was applied for both reac-
tions.

Initially, each polymer was dissolved separately in the same
buffer (final concentration 6 mg/total reaction volume) and then
added to the stock solution of rHUEPO. Before enzyme addition,
an aliquot of each reaction mixture was collected. This was fol-
lowed by the addition of TG!® stock solution to start the reac-
tion. Both conjugation reactions of rHuEPO with HES-g-NH,
and HES-g-NH,-R were incubated at 54°C for 90 min. An ex-
cess amount of TG!® (same stock solution with an activity of
60 U mL™') was added after 60 min reaction time. For the conju-
gation reaction with HES-g-NH,, aliquots were taken at 0, 30, 60,
and 90 min, boiled with SDS buffer at 95°C for 5 min, analyzed
by SDS-PAGE, and finally visualized by silver staining. For the
conjugation reaction with HES-g-NH,-R, aliquots were also col-
lected at different time intervals, boiled with SDS buffer, analyzed
by SDS-PAGE, visualized by UV light, and then stained with sil-
ver nitrate. Additionally, HES-g-NH,-R was incubated with TG'®
at 54°C for 60 min as a negative control. The rHuEPO-HES con-
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jugates were further enzymatically N-deglycosylated using PN-
Gase F. Besides, N-deglycosylated rHUEPO was incubated with
MDC at 37°C in the presence of less thermoresistant variant of
mTGase, S2P,/*! having an activity of 38 U mL~!. The reaction
was carried out at a final protein concentration of 90 ug mL™! in
50 mM Tris buffer and 300 mM Nacl at pH 8. A 10-fold molar
excess of MDC with respect to the Gln residues of rHuEPO was
applied. At the same time, some control experiments were per-
formed at 37°C using mTGase-S2P, that is, i) MDC was incubated
with mTGase-S2P, ii) MDC was incubated with N-deglygosylated
rHuEPO, and iii) N-deglygosylated rHuEPO was incubated with
mTGase-S2P. Aliquots were taken at different time intervals,
boiled with SDS buffer, and finally analyzed by SDS-PAGE.

3. Results and Discussion

3.1. Synthesis of HES-g-NH, and HES-g-NH,-R

The mTGase-reactive substrate was prepared based on HES hav-
ing a molar mass of 70, 000 g mol™! and a molar substitution of
0.5. Primary amine containing side chains were introduced to the
HES backbone by CDI-mediated coupling reaction as shown in
Scheme 1a.

'H NMR spectroscopy was used for the structural determina-
tion of HES before and after modification as well as to calculate
the number of side chains attached to 100 AGU, that is, percent
MS. 'H NMR spectra of HES and HES-g-NH, are shown in
Figure 1. All peaks in Figure 1a can be assigned to the structure
of HES, that is, the peaks (1) between 5.30 and 5.80 ppm belong
to the H1 proton of the AGU.I% All other protons from the
polymer backbone coalesced into a broad peak (2-8) between
3.35 and 4.25 ppm. After modification (Figure 1D), the peak
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Figure 2. a) COSY and b) HSQC NMR spectra of HES, recorded at 27°C using D,0O as solvent. The structure of HES is given in Figure 1a. COSY,
correlation spectroscopy; HES, hydroxyethyl starch; D,0O, deuterium oxide; HSQC, heteronuclear single quantum coherence; NMR, nuclear magnetic

resonance.

(f) at 3.16 ppm corresponds to the methylene group beside the
carbamate linkage and the peak (a) at 2.90 ppm is related to
the methylene protons adjacent to the primary amine group
of side chains. Two 'H NMR chemical shifts are observed at
1.62 and 1.55 ppm corresponding to peak b and c. The other
methylene groups (c) and (d) from the side chains show res-
onances at 1.40 ppm. The MS of HES-g-NH, is calculated as
7.5 mol% based on the integration values of peaks (1) and peak
(@). As a result, around 28 primary NH, groups per polymer
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chain could be reactive sites for mTGase-catalyzed conjugation
reaction.

All the assignments were further confirmed by 2D NMR ex-
periments namely, COSY and HSQC spectroscopy. In the COSY
spectrum, coupling between the adjacent protons can be ob-
served as cross-peaks situated on either side of the diagonal while
the HSQC spectrum describes the correlation between each car-
bon with its directly attached protons. In Figure 2a, the corre-
lation signal at 6,,/6, 5.30-5.80/3.65-3.50 ppm indicates that
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Figure 3. a) COSY and b) HSQC NMR spectra of HES-g-NH,, recorded at 27°C using D,O as solvent. The structure of HES-g-NH, is given in Figure 1b.
The inset in Figure 3b shows the HSQC NMR spectrum of HES-g-NH, in the range of 1-6 ppm and 100-160 ppm for 'H and *C NMR chemical
shifts, respectively. No additional correlation signals are observed in this region. COSY, correlation spectroscopy; HES, hydroxyethyl starch; HES-g-NH,,
amine-modified HES; D, O, deuterium oxide; HSQC, heteronuclear single quantum coherence; NMR, nuclear magnetic resonance.

the H1 proton of HES may couple with the adjacent proton H2.
Additionally, the correlation signals (6./6,) of HES were also
recorded through the HSQC NMR spectrum (Figure 2b). The sig-
nal values at 6-/6y 95.64-100.83/5.80-5.30 ppm are attributed
to C1/H1 of the AGU. Although it is not possible to resolve the
spectra completely (Figure 2a,b) due to signals overlapping raised
from H2-H8 and C2-C8 of the HES backbone. The H1 pro-
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ton of HES was well resolved that is useful for calculating the
MS after modification with amine containing side chains. Fur-
thermore, HES-g-NH, was well characterized by 2D NMR spec-
troscopy (COSY and HSQC). In Figure 3a, the correlation sig-
nals at 6;;/6y; 3.16/1.55 ppm and 6/8y; 2.90/1.62 ppm repre-
sent the coupling between the Hf/He and Ha/HDb protons, re-
spectively. Other cross-peaks at 6;;/6,; 1.62/1.40 ppm and 6, /5y,
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Figure 4. FTIR spectra of a) HES and b) HES-g-NH, at RT. FTIR, Fourier
transform infrared spectroscopy; HES, hydroxyethyl starch; HES-g-NH,,
amine-modified HES.

1.55/1.40 ppm are assigned as the coupling between the pro-
tons of Hb/Hc and He/Hd, respectively. However, the signals
from Hc and Hd are not distinguishable. These results were fur-
ther confirmed by HSQC NMR spectroscopy. In Figure 3b, the

www.starch-journal.com

correlation signals at §./6,; 40.29/3.16, 39.80/2.90, 28.13/1.62,
and 28.50/1.55 correspond to Cf/Hf, Ca/Ha, Cb/Hb, and Ce/He
of the amine containing side chain, respectively. At the same
time, the correlation signal at 6/6,; 25.34/1.40 ppm is assigned
to Cc/Hc and Cd/Hd even though, these signals could not be
unambiguously identified. A 13C chemical shift is observed at
163.10 ppm with no additional correlation signal in the HSQC
spectrum, which is assigned as the carbonyl carbon of the carba-
mate group.

The chemical structures of HES and HES-g-NH, were further
analyzed by FTIR spectroscopy as shown in Figure 4. The IR
spectrum of HES (Figure 4a) represents a wide strong band (a) at
3436 cm™! and a second band (c) at 1650 cm™ which indicate the
stretching and in-plane vibrations of O-H, respectively. Another
characteristic band (b) at 2926 cm™ corresponding to the asym-
metrical stretching of C-H is followed by the C-O-H bending
(d) at 1465 cm™" and C-H deformation (e) at 1367 cm™~!. A strong
complex band system (f) between 1160 and 862 cm™! belongs to
the asymmetrical C-O—C vibration, symmetrical C-O vibration,
C-O stretching, and C-O-C valence vibration.*?] In Figure 4b, a
new band (h) at 1647 cm™ is observed and assigned as N-H bend-
ing of the primary amine groups. Three new bands are observed,
(g) at 1700 cm™ belong to the stretching vibration of carbonyl in
the carbamate groups (amide 1), (i) at 1554 cm™! related to amide
II due to vibrations in plane N-H bending and C-N stretch-
ing, (j) at 1261 cm™! corresponding to vibrations in plane of
amide IIT due to C-N stretching and N-H deformation.!*}]
The appearance of new bands indicates the successful

DMF

9.1 88 85 82 79 76 73 7.0 67 64 6.1
& . .

= ' | Aromatic signals

\ of rhodamine B

L

NH

DMF
Fai

—

95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0

5 (ppm)

Figure 5. "H NMR spectrum of HES-g-NH,-R, recorded at 27°C, 400 MHz, using DMF-d; as solvent. The inset shows the aromatic signals of rhodamine
B between 6 and 9 ppm. DMF-d;, N,N-dimethylformamide-d;; HES, hydroxyethyl starch; HES-g-NH,, amine-modified HES; HES-g-NH, NMR, nuclear

magnetic resonance.
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Figure 6. Image of the SDS-PAGE for the conjugation of rHUEPO with HES-g-NH, at 54°C. Lane 1: molecular weight marker, Lane 2: rHUEPO + HES-g-
NH,, lane 3-6: rHUEPO + HES-g-NH, + TG® at 0, 30, 60, and 90 min, respectively, lane 7: TG'® (at higher concentration), lane 8: rHUEPO + HES-g-NH,
after N-deglycosylation of rHUEPO, lane 9-12: rHUEPO + HES-g-NH, + TG incubated at 0, 30, 60, and 90 min, respectively, after the respective time
enzymatic N-deglycosylation of rHUEPO was performed. A dimer band of rHUEPO appears at 66 kDa. The dashed ellipsoids indicate the formation
of rHUEPO-HES conjugates. High molar mass bands (cross-linked aggregates) are visible in the stacking gel. HES, hydroxyethyl starch; HES-g-NH,,
amine-modified HES; rHUEPO, recombinant human erythropoietin; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

modification of HES and the formation of HES-g-NH, in
the presence of CDI.

In the second synthesis step, HES-g-NH, was partially la-
beled (approximately seven primary NH, groups per polymer
chain) with an amine-reactive fluorescent dye, rhodamine B-
isothiocyanate, by the reaction between the free amine groups of
HES-g-NH, and the isothiocyanate group of the dye (Scheme 1b).
HES-g-NH,-R is characterized by 'H NMR spectroscopy in DMF-
d, as shown in Figure 5. The 'H NMR spectrum reveals the ap-
pearance of peaks belonging to rhodamine B, that is, the signal
(A) at 1.17 ppm corresponds to the methyl protons and the signal
(B) at 3.72 ppm corresponds to the methylene protons in addition
to the aromatic resonances in the region between 6 and 9 ppm.

3.2. TG'¢-Mediated Conjugation of rHUEPO to HES-g-NH, and
HES-g-NH,-R

Since Gln residues recognized by mTGase are embedded in
the unfolded region of the protein,[*! we recently demonstrated
the TG'®-catalyzed conjugation of rHuEPO with a biodegradable
polyester at the transition temperature T,, of rHuUEPO, that s, the
temperature at which half of the protein is in the unfolded state.
T,, of rHUEPO was determined as 54.3°C by nano-differential
scanning fluorimetry (nanoDSF).3%] In order to expand the ap-
plication of this enzymatic method, we further tested the reac-
tivity of rHUEPO toward TG'® using HES-g-NH,. It should be
noted that the conjugation reaction of N-deglygosylated rHUEPO
with the well-known fluorescent substrate of mTGase, MDC, was
carried out at 37°C using mTGase-S2P and the SDS-PAGE re-
sults (see Figure S1 in the Supporting Information) show that
no conjugation reaction took place at 37°C since the acceptance
of rHuEPO as a substrate requires partial unfolding of the 3D-
structure. Here, the use of N-deglygosylated rHUEPO was nec-
essary to increase to probability of conjugation since rHUEPO is
in the folded state at 37°C and the presence of glycans can fur-
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ther hinder the accessibility of mTGase toward the Gln residues
on rHuEPO. Further, a series of control experiments were per-
formed at 37°C (see Figure S2 in the Supporting Information),
that is, (i) MDC was incubated with mTGase-S2P and the SDS-
PAGE results confirm the absence of fluorescent bands at the
molar mass of mTGase-S2P, (ii) MDC was incubated with N-
deglygosylated rHUEPO and no adsorption of MDC on rtHUEPO
is observed in the absence of mTGase-S2P, (iii) N-deglygosylated
rHuUEPO was incubated with mTGase-S2P and no significant
conjugates or aggregates are observed.

In order to conduct the conjugation reaction at the T, of
rHuEPO, the more thermoresistant variant of mTGase, TG,
was applied. HES-g-NH, was applied in excess for the conjuga-
tion reaction with rHuEPO in the presence of TG!® as a catalyst
and the formed conjugates were analyzed by SDS-PAGE (Fig-
ure 6). At the start of the reaction (time 0), no new band appears
over the pure band of rHuEPO (Figure 6, lane 3). With increasing
reaction time, a consistent reduction in the band intensity of
pure rHuUEPO is noticed. After 30 min reaction, a new band for
the rHuEPO-HES conjugates is observed as a high molar mass
band with a broad distribution over 116 kDa (Figure 6, lane 4)
that increases in intensity with time (Figure 6, lanes 5 and 6). The
high distribution on the gel can be explained by the high poly-
dispersity of HES and the heterogeneity of the glycan moieties
of tHuEPO.[##0] In addition to these conjugates, high molar
mass aggregates on the top of the stacking gel are also observed.
This is due to the fact that both HES-g-NH, and rHuEPO have
multiple reactive sites for modification by TG'. As a control,
HES-g-NH, was incubated with rHuEPO and the results support
that no conjugation reaction took place in the absence of TG!®
(see lane 2 of Figure 6). An additional band for dimer species
appears at 66 kDa which are probably resistant under reducing
conditions. This is due to the fact that intermolecular disulfide
cross-linking between protein molecules can occur at alkaline pH
after loading on SDS-PAGE.[**8] It is clearly noticeable that the
band intensity of rHUEPO dimer is decreased after incubation
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Figure 7. Silver stained images of the SDS-PAGE (left panel) and its fluorescent image (right panel) for the conjugation of rHUEPO with HES-g-NH,-R
at 54°C in the presence of TG'®. Lane 1: prestained marker, lane 2: rHUEPO + HES-g-NH,-R, lane 3-6: rHUEPO + HES-g-NH,-R + TG at 0, 30, 60,
and 90 min, respectively, lane 7: TG'® (at higher concentration). The dashed ellipsoids indicate the formation of rHUEPO conjugates with HES-g-NH,-
R. HES, hydroxyethyl starch; HES-g-NH,, amine-modified HES; HES-g-NH, rHUEPO, recombinant human erythropoietin; SDS-PAGE, sodium dodecyl

sulfate-polyacrylamide gel electrophoresis.

(Figure 6, lane 3-6) as the concentration is reduced after addition
of TG'®,

Thereafter, these conjugates were mixed with PNGase F and
analyzed by SDS-PAGE in order to confirm that HES-g-NH, was
conjugated with the polypeptide backbone and not with the gly-
cans of rHUEPO. Following N-deglycosylation, the rHuEPO back-
bone migrates at a molar mass of ~18.4 kDa as shown in Fig-
ure 6, lanes 8-12. Moreover, the results show similar behavior of
the conjugates before and after N-deglycosylation on the gel with
the more intense band (Figure 6, lanes 10-12). Due to the fact
that TG'® exhibits a half-life of 38 min at 60°C, a fresh amount
of TG!® was added to the conjugation reaction. It is worth noting
here that the most intense band is observed after 90 min reaction
(Figure 6, lanes 6 and 12).

Conjugation experiments were further carried out with HES-
g-NH,-R and then analyzed by SDS-PAGE separation. Figure 7
shows that no reaction occurred at time 0 (lane 3). After 30 min
incubation at 54°C, rHUEPO-HES conjugates above 180 kDa to-
gether with aggregates on the top of the stacking gel (Figure 7 [left
panel], lanes 4, 5, and 6) are observed. These are evidenced by the
presence of high molar mass fluorescent band with a broad distri-
bution (Figure 7 [right panel]). Furthermore, the fluorescent im-
age indicates that the HES-g-NH,-R band decreases with the re-
action time. Together, these results confirm the successful conju-
gation reaction. Additionally, control experiment was carried out,
where rHUEPO was incubated with HES-g-NH,-R in the absence
of TG (Figure 7 [left and right panel], lane 2) and the SDS-PAGE
results reveal that no conjugation happened.

These conjugates were further treated with PNGase F and ana-
lyzed by SDS-PAGE as shown in Figure 8. From SDS-PAGE anal-
ysis, the conjugated species display a higher mobility and less dis-
tribution. A negative control investigated the possibility of HES-
g NH,-R conjugation with TG!® in the absence of rHuEPO. As
shown in Figure 8 (left and right panel, lane 7), some cross-linked
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aggregates are observed in the stacking gel which suggest that
HES-g-NH,-R can form aggregates with rHuUEPO as well as with
TG, The reaction is, however, much less pronounced than for
rHuEPO since bands on the same height as rtHUEPO conjugates
with HES-g-NH,-R (dashed ellipsoids in lanes 4-6) are absent in
lane 7.

Overall, the detection of protein conjugates and aggregates at
higher molar masses detected by SDS-PAGE was an indication
of a successful protein-HES conjugation. The broad bandwidth is
due to the molar mass distribution of HES and the multi-reactive
sites (NH,) along the polymer backbone.

4, Conclusions

An amine-functionalized HES was designed as an acyl acceptor
substrate for the mTGase-catalyzed reaction with rtHuUEPO. Pri-
mary amine groups were initially introduced at the HES back-
bone via one step CDI coupling reaction giving HES-g-NH, (MS
7.5 mol%). The reaction of rHuEPO with HES-g-NH, using a
thermoresistant TG results in the formation of high molar
mass rHuEPO-HES conjugates and aggregates even in the pres-
ence of glycans. To proof these findings, some primary amine
groups along the HES-g-NH, backbone were labeled with a flu-
orescent dye and then applied for the enzymatic conjugation re-
action with rHuEPO. SDS-PAGE analysis revealed the presence
of high molar mass fluorescent conjugates as well as crossed-
linked aggregates. The presented mTGase variant TG!® can be re-
garded as a promising tool for the development of rtHUEPO con-
jugates based on a fully biodegradable and water soluble polysac-
charide, HES. HES conjugation with rHuEPO may positively im-
pact its pharmacokinetics since the conjugation of HES with pro-
tein drugs generally leads to improved half-life in vivo.l*"] How-
ever, in vitro and in vivo studies are still needed to verify the ac-
tivity and immunogenicity of these conjugates.
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Figure 8. Silver stained images of the SDS-PAGE (left panel) and its fluorescent image (right panel) for the conjugation of rHUEPO with HES-g-NH,-R
at 54°C in the presence of TG'® after N-deglycosylation. Lane 1: prestained marker, lane 2: rHUEPO + HES-g-NH,-R, lane 3-6: rHUEPO + HES-g-NH,-
R + TG'® at 0, 30, 60, and 90 min, respectively, Lane 7: HES-g-NH,-R + TG'® incubated for 60 min. The dashed ellipsoids indicate the formation of
rHUEPO conjugates with HES-g-NH,-R. HES, hydroxyethyl starch; HES-g-NH,, amine-modified HES; HES-g-NH,-R, rhodamine B-labeled HES-g-NH,;
rHUEPO, recombinant human erythropoietin; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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Fig. S1. Silver stained images of the SDS-PAGE (left panel) and its fluorescent image (right panel) for
the reaction of tHUEPO with MDC at 37 °C in the presence of mTGase-S2P. Lane 1: molecular weight
marker, Lane 2-6: N-deglycosylated rHUEPO + MDC + mTGase-S2P at 0, 15, 30, 60, and 120 min,
respectively. The fluorescent image (right panel) shows no fluorescent bands at the molar mass of N-

deglygosylated rHuEPO.
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Fig. S2. Silver stained images of the SDS-PAGE (left panel) and its fluorescent image (right panel) for
the reaction of MDC-mTGase-S2P, MDC-N-deglygosylated rHuEPO, and N-deglygosylated rHUEPO-
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mTGase-S2P as control experiments at 37 °C. Lane 1: molecular weight marker, Lane 2-4: MDC +
mTGase-S2P at 0, 60, and 120 min, respectively, Lane 5-7: MDC + N-deglygosylated rHuEPO at 0,
60, and 120 min, respectively, Lane 8-10: N-deglygosylated rHUEPO + mTGase-S2P at 0, 60, and 120
min, respectively.



3 | Results

3.1.2. Paper II: Synthesis and characterization of self-assembled highly
stearate grafted hydroxyethyl starch conjugates

Polysaccharide-based nanotechnology in drug delivery leverages the natural properties of
polysaccharides, offering a versatile and biocompatible platform for the effective delivery of
therapeutic agents. To date, many natural and semisynthetic polysaccharides have been
increasingly investigated as a drug delivery carrier for pharmaceutical applications. Among
several polysaccharides, hydroxyethyl starch (HES) has attracted substantial interest for its
excellent physiochemical and functional characteristics in the field of designing and

synthesizing carriers for drug delivery systems.

To this aim, this publication focused on the development and characterization of
polysaccharide-based nanocarrier, specifically using HES modified with stearic acid (SA) to
achieve an enhanced hydrophobic inner core to entrap highly hydrophobic drugs. Two
different hydrophobized stearate-HES (St-HES) conjugates were synthesized by varying the
grafting ratio of SA to HES. Detailed structural characterization of HES and synthesized St-
HES conjugates were investigated by 'H, 2D HSQC, and HMBC NMR spectroscopy.
Quantitative information on the degree of grafting of the St-HES conjugates was determined
from "H NMR spectroscopy. The thermal and crystalline behavior of native HES and St-HES
conjugates were investigated by DSC and WAXS. Furthermore, the ability and morphology
of the conjugates to self-assemble into nanoparticles in aqueous media were characterized by
DLS and SEM, respectively. Overall, the synthesized St-HES conjugates demonstrate
promising carriers for various therapeutic applications within nanomedicine. These conjugates
could potentially be applied to encapsulate hydrophobic drugs and bioactive compounds with
improved encapsulation efficiency and loading capacity, thereby contributing new
possibilities for the design and development of polysaccharide-based bio-nanocarrier for drug

delivery systems.

The author's contributions to the following article are: R. Hore designed the research,
conceptualized the work, performed the experiments and analyze the data, wrote the original
draft, and made the finalization of the manuscript. H. Rashid and F. Syrowatka carried out the
SEM experiment and analyzed the data. J. Kressler conceptualized the work, supervised, and

discussed the results, reviewed them, and finalized the manuscript.
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Abstract: Polysaccharide-based nanoformulations with tailored hydrophobic properties have become
a frontier in nanomedicine applications. Herein, highly hydrophobicized hydroxyethyl starch (HES)
conjugates were synthesized by grafting stearic acid (SA) with HES via a carbodiimide-mediated
reaction. A detailed NMR characterization of HES and the conjugates was studied to obtain structural
information. The grafting ratio of the stearate-HES (St-HES) conjugates was determined from THNMR
spectra as 29.4% (St-HES29.4) and 60.3% (St-HES60.3). Thermal analyses and X-ray diffractograms
suggested an entire transition from amorphous HES to a semicrystalline (St-HES60.3) character upon
increasing the degree of grafting. Both conjugates, St-HES29.4 and St-HES60.3, were able to form
self-assembled particles with a diameter of 130.7 nm and 152.5 nm, respectively. SEM images showed
that the self-aggregates were mostly spherical in shape. These conjugates can be employed to entrap
highly hydrophobic drugs with an increased encapsulation efficiency and loading capacity.

Keywords: polysaccharide; 1D and 2D NMR spectroscopy; hydrophobicized hydroxyethyl starch;
St-HES; self-aggregates

1. Introduction

During the past decades, polymeric amphiphiles have received extensive attention
owing to their distinctive properties and potential applications in the pharmaceutical and
biomedical fields [1]. Such amphiphilic polymers have a unique supramolecular core—
shell-like structure that can self-assemble in an aqueous environment to form polymeric
nanoparticles or micelles, a promising drug delivery system to enhance bioavailability, and
deliver hydrophobic bioactive materials with a better solubility profile [2]. The hydrophobic
inner compartment serves as a microdomain for encapsulating various hydrophobic drugs
and the outer hydrophilic corona provides steric stabilization, which can enhance the blood
circulation time of the micelles and preserve active ingredients from rapid degradation [3-5].
The critical micelle concentration (CMC) is an important parameter to access the behavior
of micelles. Amphiphilic molecules form micelles when concentration is at or above CMC.
However, when administered in vivo, conventional micellar systems may encounter dilu-
tion effects below CMC in the bloodstream which may lead to the dissociation of micelles
and premature drug release [6]. Several crosslinking and non-crosslinking approaches have
been utilized to lower CMC and improve the stability of polymeric micelles. One of the
strategies to lower the CMC is to increase the hydrophobic block and alter the crystallinity
of the hydrophobic core of the micelles. Increasing the hydrophobic segments may enhance
the hydrophobic interactions and the crystallization process may serve as an additional
driving force for micelle assembly, consequently leading to a decreased CMC value [6,7].
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Generally, the self-aggregates or micelles can be fabricated from macromolecular self-
assembly using both synthetic and natural polymers. Biodegradability and biocompatibility
are the most essential properties for the development of nanoparticulated polymer-based
drug delivery systems [8]. Numerous polymeric amphiphiles have been studied as potential
carriers for drug delivery systems and some of them are already available for commercial
use [9]. Among them, synthetic polymers have played an essential role in the design
and development of carrier systems for drug delivery. However, there are safety issues
regarding their immunogenicity, non-biodegradability, and non-renewable sources [10].
Hence, natural biopolymers and their derivatives have gained particular research interest
due to their versatility, unique properties, and available natural resources [11]. Polysaccha-
rides, one of the most important and diverse classes of natural biopolymers, have been
widely recognized and applied in biotechnology and biomedical applications. Moreover,
natural polysaccharides have been notably studied as drug carriers due to their versatile
characteristics such as wide accessibility, biocompatibility, biodegradability, and structural
diversity [12]. In order to impart amphiphilicity, molecular modification is necessary to
tailor their structures that can construct self-assembled nanocarriers for drug delivery [13].
Over the years, several polysaccharides and their derivatives have been investigated and
studied as a potent carrier for drugs [14].

Hydroxyethyl starch (HES) is a semisynthetic derivative of starch utilized globally
as a plasma volume expander [15]. In addition, HES attracts considerable interest as a
designed nanocarrier in the form of nanomedicines due to its excellent properties such as
biocompatibility, biodegradability, and low immunogenicity [16,17]. Moreover, introducing
hydroxyethyl groups to the starch backbone in HES increases the water solubility of starch
and improves stability to hydrolysis in vivo [18,19] making it one of the most favorable
alternatives to fabricate nanocarriers in the pharmaceutical field. HESylation® is an excel-
lent half-life extension (HLE) strategy to improve pharmacokinetic and pharmacodynamic
properties based on the conjugation of HES with biopharmaceuticals [20,21]. However,
several studies revealed an increased risk of kidney injury or renal dysfunction when HES
is administered particularly to critically ill patients with sepsis requiring fluid resusci-
tation [22]. It is noteworthy that HES is used in substantially lower concentrations for
nanoparticle preparation compared to fluid resuscitation therapy, therefore, safety concerns
associated with HES are significantly reduced. Accordingly, various HES-based prodrugs,
bioconjugates, nanocarriers, and hydrogels have been studied for the delivery of drugs
and biomacromolecules [23]. For example, recently we reported an enzymatic approach
for the conjugation of HES with recombinant human erythropoietin (HES-rHuEPO) via
thermoresistant variant microbial transglutaminase, TG'® [24]. Accordingly, long-chain
fatty acids have been used to obtain hydrophobically modified HES which can form self-
assembled nanoparticles in aqueous media. Among them, HES modified with a low degree
of grafting formed stable nanodispersions [25,26]. Stearic acid (SA) is a naturally occurring
long-chain fatty acid widely used as a pharmaceutical excipient. Furthermore, SA has been
explored in the field of polymeric nanoparticle formulations for drug delivery due to its
better biocompatibility with low toxicity [27]. It was observed that a higher grafting ratio
of SA may lead to an increased amount of drug loading [28].

Based on these considerations, highly grafted fatty acid esters of HES have been inves-
tigated by introducing stearate side chains for the preparation of polymeric self-aggregates
to attain high encapsulation efficiency and sustained release of drugs or therapeutics.
Initially, SA was covalently attached to HES via an esterification reaction to synthesize
stearate-HES (St-HES) conjugates. Detailed structural and physicochemical characteristics
of the native HES and two different grafted St-HES conjugates were thoroughly investi-
gated by 'H NMR, 2D heteronuclear single quantum coherence (HSQC), and heteronuclear
multiple bond correlation (HMBC) spectroscopy, differential scanning calorimetry (DSC)
and wide-angle X-ray scattering (WAXS). Afterwards, the synthesized conjugates were
used to prepare self-assembled micelles in an aqueous phase. The particle size and mor-
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phology of the micelles were characterized by dynamic light scattering (DLS) and scanning
electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

Hydroxyethyl starch (HES) with a weight average molar mass (M) of 70 kDa and mo-
lar substitution (the number of hydroxyethyl residues per glucose subunit) of 0.5 was a gift
from Serumwerk Bernburg, Germany. Stearic acid was obtained from Sigma-Aldrich (Stein-
heim, Germany). N,N-dimethylformamide (DMF, extra dry, 99.8%) was purchased from
Acros Organics (Schwerte, Germany). Tetrahydrofuran (THF), 4-(dimethylamino)pyridine
(DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI),
dimethyl sulfoxide (DMSO), and dialysis membrane (having a cut-off molar mass of
3000 g/mol) were purchased from Carl Roth (Karlsruhe, Germany). N,N-dimethylformamide-
dy (DMF-d7, 99.5%), dimethyl sulfoxide-ds (DMSO-dg, 99.8%), and deuterium oxide (D,O,
99.9%) were purchased from Armar Chemicals (Déttingen, Switzerland). Ethanol and
diethyl ether were reagent grade and used as received.

2.2. Methods
2.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

The NMR spectra were acquired on a VNMRS spectrometer (Agilent Technologies,
Santa Clara, CA, USA) at 500 MHz for 'H and 125 MHz for 13C and the attached proton
test (APT) 3C NMR measurements. Two-dimensional (2D) NMR measurements, namely,
HSQC and HMBC spectroscopy, were performed for complete structural characterization.
For native HES, 20 mg of samples were dissolved in 0.6 mL of deuterated solvents and
the measurements were carried out at 27 °C using tetramethylsilane (TMS) as an internal
standard. For synthesized St-HES conjugates, 2-10 mg of samples were dissolved in 0.6 mL
of deuterated solvents at 50 °C for complete dissolution and the measurements were carried
out at 50 °C using TMS standard. The residual solvent signals were set for DMSO-d,, at
6y 2.50 ppm and ¢ 39.52 ppm, for DO at 6y 4.79 ppm, and for DMF-dy at 6y 2.75, 2.92
and 8.03 ppm. An intense residual HDO peak was observed in the NMR spectra, which
may be due to the hygroscopic nature of both NMR solvents and HES. The NMR spectral
data were interpreted using MestRec (v.4.9.9.6) software (Mestrelab Research, Santiago de
Compostela, Spain).

2.2.2. Differential Scanning Calorimetry (DSC)

DSC measurements were carried out using a Mettler Toledo DSC 822¢ (Schwerzenbach,
Switzerland) instrument. A total of 4-5 mg of the samples was poured into 40 puL aluminium
pans and then sealed. The experiments were run in a temperature range from —60 °C to
120 °C with a heating and cooling rate of 1 K/min, a holding time of 10 min, and a continuous
nitrogen flow of 10 mL/min. All DSC data were taken from the second heating curve.

2.2.3. Wide-Angle X-ray Scattering (WAXS)

The wide-angle X-ray diffraction patterns were recorded with a PANalytical Empyrean
Diffractometer. The instrument was equipped with a position-sensitive PIXcel-3D detector
in Bragg-Brentano geometry. The samples were measured on a silicon zero-background sub-
strate in a TTK 450 temperature chamber (Anton Paar) with Ni-filtered CuKy
(A = 0.15418 nm) radiation. The measurements were performed under a constant nitrogen
flow. The diffractograms were recorded with a scattering angle of 26 in the range of 6° to
60° with a step size of 26 = 0.053° and a counting time of 93 s per step. The samples were
initially heated to 100 °C and then cooled to T = —30 °C with a cooling rate of 10 K/min.
All the WAXS diffractograms were recorded at T = —30 °C, except SA, which was recorded
at room temperature.
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2.2.4. Determination of Particle Size by Dynamic Light Scattering (DLS)

The particle size and intensity-weighted size distribution of the self-aggregates were
determined by DLS using a Litesizer 500 device (Anton Paar GmbH, Graz, Austria) at
25 °C. The sample concentration of 0.1 mg/mL in water was taken in 70 pL micro cuvettes
and measured at a light wavelength of 658 nm and a detection angle of 175°. Hydrodynamic
diameter (Dj) and the broadness of the intensity size distribution, polydispersity index
(PDI), were obtained from the intensity curve fitting by applying the autocorrelation
function using an integrated Kalliope Ver. 2.16.0 software (Anton Paar GmbH).

2.2.5. Scanning Electron Microscopy (SEM)

The morphology of the particles was characterized by GeminiSEM 500 (Carl-Zeiss Mi-
croscopy GmbH, Jena, Germany) at an acceleration voltage of 1 kV. A total of
0.01-0.1 mg/mL of samples were taken in a Hamilton syringe and applied on the CO,
snow jet-cleaned silicon plate at a volume of 5 to 10 pL followed by air-drying. The average
particle size of each sample was determined by fitting the size distribution histogram to
the log-normal distribution function.

2.2.6. Synthesis of Stearate-Hydroxyethyl Starch (St-HES) Conjugates

The synthesis of modified HES was carried out via a simple Steglich esterification
reaction [26,29] with small modifications. Briefly, 1 g (5.45 mmol) of HES was dried at
110 °C for 2 h before dissolving in 20 mL of anhydrous DMF in a round bottom flask. Either
0.52 g (1.83 mmol) or 1.03 g (3.63 mmol) of SA were added to that solution and left under
stirring with a speed of 400 rpm at 40 °C until it turned into a clear solution. Afterwards,
EDC-HCI (3 eq.) and DMAP (0.3 eq.) were added to the solution and the flask was tightly
sealed and stirred for 24 h at 40 °C. Then, the reactant mixture was cooled down to room
temperature and precipitated in an ethanol:diethyl ether (1:1) solvent mixture and kept
at 4 °C until the precipitate completely settled down. The solvent was decanted, and the
procedure was repeated three times with the same solvent mixture. Finally, the precipitate
was dialyzed against distilled water for three days and then lyophilized.

2.2.7. Preparation of Self-Assembled Nanoparticles of St-HES Conjugates

Self-assembled nanoparticles were prepared according to the nanoprecipitation
method [30]. A total of 10 mg of each conjugate was dissolved in 1 mL of DMSO or
THF into a small vial under magnetic stirring at 60 °C. After complete dissolution, the
solution was slowly injected using a syringe pump into 10 mL of distilled water previously
equilibrated at 60 °C under rapid magnetic stirring. Afterwards, the dispersion was poured
into an ice-cooled empty vial under magnetic stirring to attain rapid solidification and kept
stirring for 3 h to homogenize the system. Then, the dispersion was dialyzed against dis-
tilled water for three days and finally, part of the water was removed by rotary evaporator
to obtain a 0.1 mg/mL dispersion.

3. Results and Discussion
3.1. Characterization of HES

HES, a derivative of natural starch, was selected for the synthesis of highly grafted
hydrophobicized HES conjugates due to its abundance of hydroxyl groups, allowing
easy modifications according to the desired properties and designing programmable self-
assembled nanocarriers with multiple functionalities [31]. Previously, Kulicke et al. re-
ported the chemical characterization of HES by 1D NMR spectroscopy [32]. However, it is
worthwhile to investigate a detailed 2D NMR analysis of the native HES to provide precise
information regarding 'H and '3C assignments and subsequently the calculation of the
degree of grafting. Thus, a comprehensive structural characterization of native HES was
performed by utilizing 'H NMR including labile proton exchange phenomena, 2D HSQC,
and HMBC spectroscopy. Here, the -OH substitutions by the hydroxyethyl groups and
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branching points are denoted as (s) and (b), respectively. Figure 1 shows the 'H NMR
spectrum of HES in DMSO-dg including the chemical structure and the signal assignments.

6b
o
“oH HDO
o
8 9 OR DMSO
R = CH,CH,OH
2 1 8 9
CH:CH,OCH,CH:OH
&
o 6,9,6b
&

2
\QLL

5.5 5.0 4.5 4.0 35 3.0 25
Chemical shift (ppm)

Figure 1. "H NMR spectrum of HES in DMSO-dg at 27 °C. The inset shows the structure of HES with
peak assignments.

In Figure 1, significant peak overlapping is observed, making it challenging to identify
and assign all the peaks in the spectrum [33-36]. The anomeric proton resonances of H-1 at
«-1,4 unsubstituted (peak 1), H-1 at «-1,4 substituted at C-2 position by hydroxyethyl group
(peak 1 at (2s)), and H-1 at x-1,6 branching points (peak 1 at (6b)) are also difficult to resolve
due to signal overlapping with the hydroxyl group (-OH) peaks from the anhydroglucose
unit (AGU) of HES in the region of 6y 4.44—5.70 ppm. To determine the peaks raised
from anomeric protons, 'H NMR measurements (Figure 2) were carried out in D,O and
D,0O0/DMSO-dg mixture 1:9 ratio so that the protons of the hydroxyl groups of HES can
rapidly exchange with labile deuterium.

As shown in Figure 2A,C, due to deuterium exchange only the anomeric protons
are observed in the range of 5y 4.44-5.70 ppm. By comparing Figure 2A-C, the 'H NMR
chemical shift at 5.45 ppm, 5.08 ppm, and 4.86 ppm can be identified as the anomeric protons
labeled as peak 1, peak 1 at (2s), and peak 1 at (6b) [32,37-41]. All other ring protons of
the HES backbone coalesced into a broad peak 2-9 between gy 3.02 and 3.92 ppm. Based
on the 'H and 3C NMR peak assignment of starch, and its derivatives, it is possible to
assign the proton resonance signals raised from the AGU of HES denoted as peaks 2 to
9 in the region of 6y 3.02-3.92 [32,37-39,41,42]. For complete characterization of the native
HES, 2D NMR experiments, namely 'H-'3C HSQC and 'H-!3C HMBC spectroscopy were
performed. Figure 3 represents the HSQC and HMBC NMR spectra of HES. The 'H and
the APT '3C spectra are depicted on the x- and y-axis, respectively. In Figure 3A the HSQC
NMR spectrum, the correlation signals of AGU at é¢/dy 100.23/5.08,71.72/3.29,73.28/3.64,
79.01/3.36,71.15/3.57,60.49/3.51,72.40/3.57, and 72.40/3.71 correspond to C1/H1, C2/H2,
C3/H3, C4/H4, C5/H5, C6/H6 and C9/H9, C7/H7, and C8/HS, respectively. In addition,
other correlation signals are also observed due to branching and ~OH substitution by the
hydroxyethyl group. The correlation peaks at 6c/dy 80.15/3.17, 72.18/3.44, 70.13/3.06,
96.43/5.45, and 69.14/3.52 are attributed to C2s/H2s, Cé6s/He6s, C5 at (6s)/H>5 at (6s), C1 at
(2s)/H1 at (2s), and C6b/H6b, respectively.
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Figure 2. IH NMR spectra of HES in (A) D,0O, (B) DMSO-dg, and (C) D,O/DMSO-dg (1:9) at 27 °C.
The structure of HES is given in the inset of Figure 1.

However, the HSQC NMR spectrum depicts only the correlation signal between each
carbon with its directly attached protons. Because of this phenomenon, the signal for OH-2,
3, 6, and 9 could not be detected as these protons are not directly attached to the carbon atom
of the HES molecule. To identify the proton shift in the hydroxyl groups and other protons,
the 2D HMBC experiment was recorded which reveals the correlation between carbon
and protons in the long range (}Jc.y or more). Figure 3B represents the HMBC spectrum
of HES. In Figure 3B, the correlation signals at 6c/dy 60.49/4.72,70.13/4.86, 73.28/4.86,
71.15/4.72,60.49/4.54,72.40/4.54,60.49/3.71,80.15/3.71,60.49/3.57,72.40/3.51, 60.49/3.44,
and 70.13/3.44 correspond to C6/OH-6, C5 at (6s)/H1 at (6b), C3/H1 at (6b), C5/OH-6,
C9/0H-9, C8/0OH-9, C6/H8, C2s/HS8, C6/H5, C8/HY, C9/Hés, and C5 at (6s)/Heés,
respectively. By combining HSQC and HMBC spectra, all the resonance signals that arise
from the HES backbone are readily assigned except OH-2 and OH-3. However, the 'H
chemical shift of OH-2 and OH-3 can be assigned at 5.40 ppm and 5.50 ppm, respectively,
based on other reports [38,39,43,44].

3.2. Synthesis and NMR Characterization of St-HES Conjugates

St-HES conjugates were synthesized by the formation of ester linkage via a simple
esterification reaction between the carboxylic group of SA and the hydroxyl groups of HES.
The synthesis scheme of the St-HES conjugates is shown in Scheme 1.

Two different highly grafted hydrophobicized St-HES conjugates were synthesized
by controlling the grafting ratio of SA to HES. The two conjugates were defined as St-HES
with degrees of grafting at 29.4% (St-HES29.4) and 60.3% (St-HES60.3). The structure of
St-HES conjugates was verified by 'H, 2D HSQC, and HMBC NMR spectroscopy. The 'H
NMR spectra of St-HES29.4, St-HES60.3, and SA are shown in Figure 4A—C. By comparing
Figures 1 and 4A-C, it is noticeable that the proton signals arising from the grafted stearate
side chain are completely distinguishable from the polymer backbone. The characteristic
proton signals of HES were observed between 3.01 ppm and 5.70 ppm. After modification,
the new peak b at 0.80 ppm appeared, which corresponds to the methyl protons of the
esterified stearate side chain. Two 'H NMR signals are observed at 1.08-1.28 ppm (peak c,
d, and e) and the 1.46 ppm (peak f) is attributed to the methylene protons of stearate. The
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methylene protons attached to the carbonyl group of the ester linkage give a resonance
signal at 2.24 ppm (peak g) [26].
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Figure 3. (A) HSQC and (B) HMBC NMR spectra of HES in DMSO-dg at 27 °C. The structure of HES
is given in the inset of Figure 1.
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Scheme 1. Synthetic pathway for stearate-hydroxyethyl starch (St-HES) conjugates.

The complete disappearance of the proton signal of the carboxyl group of SA at
11.93 ppm, is an indication of HES conjugation with SA. The chemical structure of St-HES
conjugates was further characterized by HSQC and HMBC NMR spectroscopy. As both
St-HES29.4 and St-HES60.3 have similar structures except for variation in the degree of
grafting, only the 2D NMR spectra for St-HES29.4 are shown in Figure 5. The 'H and 13C
spectra are presented along the x- and y-axis, respectively. In Figure 5A the HSQC NMR
spectrum, a cross-peak at 6c/dy 13.81/0.80 belongs to the Cb/Hb signal, which represents
the methyl group of stearates. The correlation signals at 22.02/1.08-1.28, 31.32/1.08-1.28,
and 29.09/1.08-1.28 are attributed to the methylene groups of grafted chain denoted
as Cc/Hc, Cd/Hd, and Ce/He. The cross-peak Cf/Hf (6c/dy 24.41/1.46) is related to
the methylene group adjacent to the carbonyl group and the cross-peak Cg/Hg (6c/d0y
33.45/2.24) is assigned as the methylene group directly attached to the carbonyl group.
Figure 5B represents the HMBC spectrum of St-HES29.4. The correlation signals at 6c/dg
22.02/0.80, 31.32/0.80, 22.02/1.08-1.28, 29.09/1.08-1.28, and 31.32/1.08-1.28 are attributed
to the Cc/Hb, Cd/Hb, Cc/Hd, Ce/Hd, and Cd/Hf or He, respectively. A new 13C chemical
shift is observed at 175.16 ppm, with no corresponding cross-peak in the HSQC and HMBC
NMR spectra (Figure 5A,B) assigned as the carbonyl signal from the newly formed ester
linkage (-COO). This is a clear indication of the efficient conjugation of St-HES. The degree
of grafting is defined as the number of stearate chains attached to 100 AGUs. The degree of
grafting is determined as 29.4% (St-HES29.4) and 60.3% (St-HES60.3) from the integration
peak a and peak b shown in the 'H NMR spectra (Figure 4A,B), using Equation (1).

I,

Degree of grafting = > (1)
545

Here, I}, is the integral value of three methyl protons from the stearate side chains and I,
is the integral of the four protons, particularly the anomeric proton and the three protons
from the hydroxyl groups of the AGU.

3.3. DSC and WAXS Analysis

The thermal and crystalline behavior of native HES, St-HES29.4, and St-HES60.3
were investigated by DSC and WAXS, respectively (Figure 6). Figure 6A represents the
DSC thermograms of HES, St-HES29.4, and St-HES60.3 in the temperature range between
—60 °C and 120 °C at a heating rate of 1 K/min. All the DSC thermograms shown here
are taken from the second heating curve. The DSC curve (Figure 6A) of native HES shows
that this polymer is fully amorphous in the temperature range studied. Consequently,
the DSC thermogram of St-HES29.4, containing 29.4% stearate side chains, does not show
any melting endotherm and behaves like an amorphous polymer. This demonstrates
that the grafted stearate chains on HES form non-crystalline structures with no distinct
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ordered arrangement of the chains. One reason is that the amorphous HES prevents the
crystallization of side chains, thus no characteristic endothermal peak is observed during
the heating cycle [45]. With increasing the grafting ratio from 29.4% (St-HES29.4) to 60.3%
(St-HES60.3), a melting transition appeared in the DSC thermogram (Figure 6A). Since HES
is an amorphous polymer, the endothermal transition arises from the stearate side chains,
which indicates a semi-crystalline behavior of St-HES60.3 [46]. This can be explained by
the differences in the grafting ratio of St-HES29.4 and St-HES60.3. When the grafting ratio
increased from 29.4% to 60.3%, the stearate chains on the HES backbone were sufficient to
form a regular arrangement of the side chains and pack into an ordered crystal structure [47].
St-HES60.3 shows a broad melting range of —7 °C to 29 °C, with a melting point (T};) of
21.2 °C taken as the maximum of the DSC heating curve (Figure 6A). In addition, the DSC
thermogram of St-HES60.3 shows that grafting SA with amorphous HES at around 60%
causes the melting point depression of SA (T, of SA is 69.3 °C [48]) and is close to the T}, of
octadecane (28-30 °C) [46]. One possible explanation could be that the amorphous nature
of HES and the random distribution of the stearate chains along the HES backbone might
interfere with the highly ordered packing of the side chains, resulting in the formation of
more imperfect crystals of varying sizes [49,50]. These results further confirmed that HES
was successfully grafted with SA.

The WAXS patterns of SA, HES, St-HES29.4, and St-HES60.3 are presented in Figure 6B
and were recorded (except SA measured at room temperature) at —30 °C. The Bragg reflections
from the silicon substrate appeared below 26 = 8° and at more than 30°. Hence, no interference
was observed with the measured samples. SA exhibits sharp diffraction peaks at 20 of 19.18°,
21.74°, and 24.43°, shown in Figure 6B, demonstrating the crystalline nature of SA at room
temperature. The pure HES showed a broad amorphous halo in the range of 20 = 13°-27°
indicating that the sample is completely amorphous [51]. Furthermore, the WAXS profile
of St-HES29.4 did not show any distinct Bragg reflections rather than a big halo, which is
consistent with the DSC result. The absence of characteristic diffraction peaks of pure SA in
the grafted St-HES29.4 indicates the complete disappearance of the crystalline nature of SA
after conjugation. However, St-HES60.3 showed a strong reflection at 20 = 21.84° together
with an amorphous halo, which is in agreement with the DSC analysis (Figure 6A). This
diffraction peak may be attributed to the intense Bragg reflection raised from the 110 plane of
SA, which usually appeared at 20 = 21.74° (Figure 6B) in pure SA. This result suggests that
the partial crystalline nature of St-HES60.3 arises only from the grafted side chains.

3.4. Characterization of Self-Aggregated St-HES Conjugates

The St-HES conjugates could readily self-assemble in aqueous media and form mi-
celles or self-aggregates due to intra- or intermolecular hydrophobic interactions [9]. The
hydrophilic backbone of HES forms the outer shell of the micelles, and the hydrophobic
stearate segments are oriented towards the core to achieve an energy-minimized spherical
structure [52,53]. Figure 7 shows the size distribution of self-aggregates of St-HES29.4 and
St-HES60.3 conjugates in distilled water as determined by DLS. In Figure 7A, the intensity
size distribution of the St-HES29.4 conjugate shows a monomodal size distribution with a
hydrodynamic diameter (D) of 130.7 nm and a polydispersity index (PDI) of 0.16. A similar
self-assembled behavior was observed for the St-HES60.3 conjugate. The DLS histogram of
the St-HES60.3 conjugate (Figure 7B) suggests a single Gaussian distribution (monomodal) of
the sample with a Dy, of 152.5 nm and a PDI of 0.21. The size of St-HES micelles increases from
130.7 nm to 152.5 nm, with an increase in the grafting ratio of stearate side chains from 29.4%
(St-HES29.4) to 60.3% (St-HES60.3) possibly due to two factors. Firstly, two different solvents,
DMSO for St-HES29.4 and THF for St-HES60.3, were used initially to dissolve the conjugates
to formulate micelles in water, which could impact the average particle dimensions later [54].
Secondly, the higher degree of side chain grafting would lead to aggregating more St-HES
chains close together in one particle. Consequently, more chain aggregation in one particle
results in more repulsive forces between and within the hydrophobic stearate chains, which
in turn contributes to the overall increase in particle size [8].
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Figure 7. Intensity-weighted particle size distribution of (A) St-HES29.4 and (B) St-HES60.3 in
distilled water measured by DLS at 25 °C.

To further examine the morphology of St-HES micelles, SEM was carried out by
dispersing the prepared samples and drying them on the silicon substrate. Figure SA-D
represent the SEM images and size distribution of St-HES29.4 and St-HES60.3, respectively.
The SEM microphages demonstrate that both samples are nearly spherical in shape and, to
some extent, collapse structures are formed, as shown in Figure 8A-C.
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Figure 8. SEM images of (A) St-HES29.4 (left) and (C) St-HES60.3 (right) nanoparticles with the
respective particle size distribution (B,D) obtained by fitting with a log-normal distribution function.

The mean diameter of St-HES29.4 and St-HES60.3 was 99.8 nm (Figure 8B) and
119.4 nm (Figure 8D), respectively, estimated by fitting the particle size distribution curve
obtained from SEM images. However, the size of the micelles measured by SEM appeared
to be smaller than the results obtained by DLS analysis. This may be due to the different
states of the samples during measurements. The DLS method provides the size as D, of
the particles in the hydrated state, while SEM images are obtained from the dried state of
the samples. Hence, during SEM sample preparation, the drying process induces particle
collapse and causes shrinkage of the aggregates, leading to the formation of smaller parti-
cles than those obtained by the DLS method [55]. It is also noticeable that the size of the
micelles increased when increasing the grafting ratio of St-HES from 29.4% to 60.3%, which
is in good agreement with the DLS measurements.

4. Conclusions
In conclusion, the synthesis of stearate-substituted esters of HES is reported to obtain
highly hydrophobic St-HES conjugates, St-HES29.4 and St-HES60.3. The structural and
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physicochemical properties of the synthesized conjugates were investigated by NMR,
DSC, and WAXS experiments. The 'H and 2D NMR spectra of the St-HES conjugates
revealed the successful conjugation via ester bond formation. In addition, thermal analyses
and WAXS experiments showed a complete transition from fully amorphous HES to
semicrystalline St-HES60.3. Both conjugates, St-HES29.4 and St-HES60.3, self-assembled
in water and provided a monodispersive particle size distribution with a Dy, of 130.7 nm
and 152.5 nm, respectively. The SEM images of the self-aggregates showed the formation
of nearly spherical particles. The mean diameter appeared to be smaller than obtained
by DLS measurements due to the drying procedure of the SEM samples. However, the
dependence of particle size on the grafting ratio was in good agreement with DLS. The
synthesized nano-assembly could potentially be applied in the pharmaceutical field, i.e.,
to encapsulate poorly water-soluble drugs with a high-loading capacity and prolong the
drug circulation time and oral delivery of labile bioactive agents to optimize drug stability
in the gastrointestinal tract with improved absorption and complexation with protein
therapeutics to resist denaturation and enhance thermal stability.

In addition, a complete structural characterization of native HES was analyzed utiliz-
ing labile proton exchange phenomena of the hydroxyl groups to determine the anomeric
proton signals in 'H NMR spectra. Furthermore, 2D NMR spectroscopy was performed
to determine the other proton signals raised from the HES backbone and to verify the
structure more precisely. Finally, it is demonstrated that 1D and 2D NMR spectroscopy
provide a more detailed and clear structural analysis of HES and an exact determination of
the degree of grafting of St-HES conjugates.
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3 | Results

3.2. Part B - Lipid-based drug conjugates

3.2.1. Paper III: Synthesis and characterization of dimeric artesunate
glycerol monocaprylate conjugate and formulation of nanoemulsion
preconcentrate

Antimalarial drugs remain a critical endeavor in combating malaria, a disease that poses
significant global health challenges worldwide, due to the emergence and spread of resistance
against conventional antimalarial therapies among malaria parasites. The development of
novel therapeutic strategies to enhance the efficacy and stability of these drugs can
significantly improve treatment outcomes. Recent approaches in drug design have highlighted
the use of advanced pharmaceutical techniques such as dimerization, which can potentially
improve drug bioavailability, potency, and therapeutic efficacy. Additionally, the
incorporation of these dimerized compounds into nanoemulsion formulations can further

enhance the solubility, stability, and controlled release of the drugs.

To this aim, this publication focused on the integration of dimerization technique and
nanoemulsion technology to develop a new artesunate-based antimalarial drug formulation
that could overcome current challenges by optimizing drug performance, paving the way for
more effective malaria treatment and improving global health outcomes. Artesunate (AS) was
covalently conjugated with glycerol monocaprylate (GC) to synthesize a dimeric artesunate
glycerol monocaprylate conjugate (D-AS-GC). Detailed structural characterization of AS,
GC, and D-AS-GC conjugate was investigated by 'H, attached proton test (APT) *C, 2D
HSQC, and HMBC NMR spectroscopy. The molar mass of the conjugate was confirmed by
ESI-TOF MS. Furthermore, a series of D-AS-GC loaded nanoemulsion preconcentrates were
prepared to optimize a clear nanoemulsion formulation upon dilution with an aqueous phase
(double distilled water). The particle size of the transparent formulation was determined by
DLS and DOSY NMR spectroscopy. AFM was used to analyze the morphological structure
of the optimized D-AS-GC loaded nanoemulsion.

The author's contributions to the following article are: R. Hore designed the research,
conceptualized the work, performed the experiments and analyze the data, wrote the original
draft, and made the finalization of the manuscript. N. hasan carried out the AFM experiment
and analyzed the data. J. Kressler and K. Méder conceptualized the work, supervised, and

discussed the results, reviewed them, and finalized the manuscript.
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Abstract: Malaria is one of the major life-threatening health problems worldwide. Artesunate is the
most potent antimalarial drug to combat severe malaria. However, development of drug resistance,
short plasma half-life, and poor bioavailability limit the efficacy of this drug. Here, we applied the
dimerization concept to synthesize dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC)
by conjugating artesunate (AS) with glycerol monocaprylate (GC) via esterification reaction. D-AS-
GC conjugate, AS, and GC were well characterized by 'H NMR, attached proton test (APT) 3C NMR
and 2D NMR spectroscopy. D-AS-GC conjugate was further analyzed by ESI-TOF MS. Finally, a
series of nanoemulsion preconcentrate (F1-F6) of D-AS-GC was prepared by mixing different ratios
of oil and surfactant/cosurfactant and evaluated after dilution with an aqueous phase. The optimized
formulation (F6) exhibits a clear nanoemulsion and the hydrodynamic diameter of the dispersed
phase was determined by DLS and DOSY NMR spectroscopy. The morphology of the nanoemulsion
droplets of F6 was investigated by AFM, which revealed the formation of tiny nanoemulsion droplets
on a hydrophilic mica substrate. Moreover, using a less polar silicon wafer led to the formation of
larger droplets with a spherical core shell-like structure. Overall, the rational design of the dimeric
artesunate-based nanoemulsion preconcentrate could potentially be used in more efficient drug
delivery systems.

Keywords: malaria; dimerization; artesunate; glycerol monocaprylate; dimeric artesunate glycerol
monocaprylate conjugate; nanoemulsion preconcentrate

1. Introduction

One of the significant challenges to the public health sector, especially in developing
nations, is the prevalence of the malaria disease. Nearly half of the world’s population is
susceptible to the risk of malaria infection, establishing it as one of the most prominent
health issues in humans [1]. According to the World Health Organization (WHO), approxi-
mately 241 million malaria incidences and 627,000 fatalities were reported worldwide in
2020 [2]. Antimalarial drugs are the main means to treat and fight malaria. However, the
development and spread of resistance to the majority of traditional antimalarial drugs,
such as quinoline derivatives and antifolates, which have been the mainstay over years,
have limited the treatment of malaria [3,4]. Artemisinin and its derivatives, broadly known
as Artemisinins (ARTs), a new class of compounds derived from the Chinese herbal plant
Qinghao and discovered by Youyou Tu in the 1970s, have been the most potent and useful
frontline drugs for the treatment of drug-resistant malaria available to date [5-7]. Chem-
ically, ARTs are attributed to the sesquiterpene lactone class, having an endoperoxide
bridge which is pharmacologically significant for anti-malarial activity [8]. Among the
ART analogs, artesunate (AS) demonstrated the most versatile semisynthetic derivative
due to its broader therapeutic potential, rapid action, and better water solubility [9-11].
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Apart from its wide therapeutic use, AS exhibits a short plasma half-life and low bioavail-
ability, which undermine the effectiveness of optimal therapeutic efficacy [12]. Moreover,
AS monotherapy becomes less effective due to the emergence of parasite resistance [13].
Therefore, the WHO introduced artemisinin-based combination therapies (ACTs), in which
fast-acting artesunate is administered together with slow-acting antimalarial drugs of dif-
ferent classes to combat resistance and improve the effectiveness of the treatment [10,14-17].
Nevertheless, recent studies demonstrated a high rate of ACT failure, which might be due
to the substandard quality of drugs, inappropriate use of monotherapies, and prematurely
stopping of ACT therapy. This leads often to parasite recrudescence in the Greater Mekong
Subregion (GMS) [18].

Over the years, many studies have been conducted to find a way to increase the
potency of antimalarial drugs [19]. One of the most promising concepts is the synthesis
of new efficient artemisinin therapeutics through the dimerization technique [20]. This
technique has gained great interest due to the increase in antimalarial potency and provides
new strategies for drug discovery and development [21]. Dimerization refers to the process
of combining two identical molecules, which may lead to the development of novel com-
pounds with improved pharmacological properties compared to parent compounds [22].
Many ART dimers have been reported by several groups. Posner et al. introduced a series
of artemisinin-derived dimers that possess potential antimalarial activity both in vitro and
in vivo [23-25]. It was also reported that ART trioxane dimers showed complete parasitic
clearance with a prolonged survival time of the malaria-infected mice model [26]. Reiter
et al. prepared a series of ART dimers and trimers and assessed their efficiency against
malarial 3d7 strains. The dimeric derivatives showed superior antimalarial activity com-
pared to the trimer and parent compound [27]. Several ART triazine hybrids and hybrid
dimers were synthesized by Cloete et al. which exhibit effectiveness against chloroquine-
sensitive (CQS) and chloroquine-resistant (CQR) Dd2 strains of the malaria parasite [28].

Furthermore, other studies have been directed toward the field of nanotechnology to
resolve the challenges of the conventional antimalarial dosage form such as poor water
solubility, short half-life, low bioavailability, multiple drug dose, and high drug-related
toxicity. Nanocarriers can play an essential role in the case management of malaria by
altering the pharmacokinetics and pharmacodynamics of drugs [29]. In this respect, several
ART-based drug delivery systems have been investigated, such as implants [30], liposomes,
polymeric nanoparticles, lipid-based nanoparticles, metal-based nanoparticles, hybrid
drugs, and nanoemulsion (NE) [31]. Among them, NE has been explored extensively
as an appropriate carrier to improve the pharmacokinetics and to release the drug in a
controlled manner [32]. The NE can protect the active ingredient from oxidative and
hydrolytic degradation [33].

In the current work, two well-known strategies were combined into one system. Firstly,
dimerization of the drug to develop a new dimeric entity, and, secondly, utilization of this
new conjugate for the formulation of nanoemulsion preconcentrate. In short, we synthe-
sized a dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC) and designed a
nanocarrier-based lipid NE. Initially, AS was conjugated with a linker molecule namely
glycerol monocaprylate (GC) via simple esterification reaction to obtain a D-AS-GC conju-
gate. AS, GC, and D-AS-GC conjugate were characterized by 'H NMR, attached proton
test (APT) 13C NMR, 2D NMR such as homonuclear correlation spectroscopy (COSY), het-
eronuclear single quantum coherence (HSQC), and heteronuclear multiple bond correlation
(HMBC) spectroscopy. The molar mass of the conjugate was confirmed by electrospray ion-
ization time-of-flight mass spectroscopy (ESI-TOF MS). Afterwards, different formulations
of D-AS-GC loaded nanoemulsion preconcentrate were developed. The particle size of all
formulations was measured by dynamic light scattering (DLS). Finally, the particle size of
optimized nanoformulation was further characterized by diffusion-ordered spectroscopy
(DOSY). Atomic force microscopy (AFM) was used to investigate the final morphology of
drying emulsion droplets on different substrates.
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Artesunate (AS) Glycerol monocaprylate (GC)

2. Results and Discussion
2.1. Synthesis and Characterization of the D-AS-GC Conjugate

Generally, the synthesis of ART dimers can increase the selectivity for target binding,
reduce toxicity, and overcome drug resistance, leading to the design of more effective and
safer antimalarial agents [19]. Accordingly, dimeric artesunate glycerol monocaprylate
conjugate (D-AS-GC) was achieved by the formation of the ester bond between artesunate
(AS) and glycerol monocaprylate (GC) via a facile esterification reaction in the presence of
EDC-HCl and DMAP as a coupling agent and a catalyst, respectively, as shown in Scheme 1.
Here, the GC linker was chosen to conjugate artesunate dimer, which, in turn, results in an in-
crease in compatibility with the formulation of lipid-based nanoemulsion preconcentrate [34].

CHy

DCM,RT,24h

0
M EDC-HCI, DMAP
[ttt
+ HO/\I/\O

OH

Dimeric artesunate glycerol
monocaprylate conjugate (D-AS-GC)

Scheme 1. Synthetic pathway for dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC).

The conjugation product D-AS-GC was characterized by 'H NMR, APT 13C NMR,
and 2D HSQC NMR spectroscopy. The 'H NMR spectra of GC, AS, and D-AS-GC are
shown in Figure la—c, respectively. The comparison between 'H NMR spectra a and c in
Figure 1 shows a significant downfield shift of the resonance signal (labeled as J) from
3.92-3.88 ppm to 5.28-5.23 ppm, which is attributed to the methine proton of GC, as well
as a downfield shift of the proton resonances (labeled as K) from 3.69-3.55 ppm to a higher
overlap signal at 4.32-4.09 ppm assigned as methylene protons of GC. Additionally, a com-
plete disappearance of the proton signal of the hydroxyl groups (-OH) of GC is observed,
which indicates the successful conjugation of AS with GC. Besides 'H NMR, APT 3C NMR
spectra of GC, AS, and D-AS-GC are given in Figure 2a—c, respectively. Comparing APT 13C
NMR spectra a and c in Figure 2 reveals upfield shifts of carbon signals from 70.38 ppm to
69.37 ppm (peak J) and 63.52 ppm to 62.41-61.86 ppm (peak K), which belong to the methine
and methylene carbons of GC. Further, no carbonyl signal (C=0) of the carboxylic acid
group (peak 21) of AS is observed in Figure 2c in comparison with Figure 2b, thereby sug-
gesting the efficient formation of D-AS-GC conjugate. Additionally, the chemical structure
of AS, GC, and D-AS-GC conjugate was further confirmed by 2D NMR spectroscopy (given
in the Supplementary Materials in Figures S1-57 and Tables S1-57).
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Figure 1. The TH NMR spectra of (a) GC, (b) AS, and (c) D-AS-GC were recorded at 27 °C, 500 MHz,
using CDCl; as solvent.
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Figure 2. APT 13C NMR spectra of (a) GC, (b) AS, and (c) D-AS-GC were recorded at 27 °C, 125 MHz,
using CDCl3 as solvent.

The molar mass of the D-AS-GC conjugate was determined by electrospray ionization
time-of-flight mass spectroscopy (ESI-TOF MS), which is a soft ionization technique used
for the precise determination of the molecular mass of organic molecules [35]. The ESI-TOF
MS spectrum in Figure 3a shows a major molecular ion peak at m/z 973.4775 (M+Na)*,
which matches with the simulated isotopic patterns for the theoretically calculated value
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m/z 973.4767. The neighboring mass peaks (Figure 3b) follow the natural isotope distribu-
tion (with binomial distributed 1.1% '3C) as indicated by the simulated pattern (Figure 3c).

973.4775
a o
( ) 0-0)—CHy
C

Chemical formula: C;, H,,0,5 [M]

Exact mass [M] : 950.4875 g mol™!

[M+Na]* = 973.4767 g mol™!

Q
0-09)—CHy
CH,
900 950 1000 1050 1100 1150
[M+Na]*
(b) 973.4775 Measured
974.4802
975.4821
A 976;4845
(C) 973.4767 Simulated
974.4801
4
l 975‘ 830 976.4858
972 973 974 975 976 977 978
m/z

Figure 3. ESI-TOF MS spectra of D-AS-GC. (a) Full spectrum, (b) region of the main peak,
and (c) simulated isotope signals of the marked section. Inset shows the structure of D-AS-GC
with the respective molar mass.

2.2. Preparation and Characterization of Nanoemulsion

Nanoemulsion preconcentrate is a combination of drugs and lipophilic excipients as
an oil phase with water-soluble surfactants and cosurfactants. It forms clear, stable small
droplets of o/w nanoemulsion upon dilution by an aqueous phase [36]. All the excipients
selected here are based on a saturated chemical structure because unsaturated compounds
are very prone to undergo oxidative degradation [37]. Medium-chain triglyceride (MCT)
was chosen as the oil phase due to its superior physical, pharmaceutical, and clinical
attributes [38]. Kolliphor HS 15 and propylene glycol were selected as surfactant and
cosurfactant, respectively. Kolliphor HS 15 is mainly designed for parenteral applications
owing to its good safety margin [39]. The dimeric artesunate conjugates (D-AS-GC) were
used to prepare in total six different formulations (see Table 1) namely, F1 (1:1:2), F2 (1:1:3),
F3 (1:1:4), F4 (1:2:4), F5 (1:2:6), and F6 (1:2:8) by varying the mass ratios (w/w) of D-AS-
GC to MCT to Kolliphor HS 15/propylene glycol, respectively, to optimize a transparent
nanoemulsion upon dispersing into an aqueous phase. The Kolliphor HS 15/propylene
glycol mass ratio of 2:1 (w/w) was kept unchanged for all formulations.
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Table 1. Formulation composition ratios (w/w) of the different nanoemulsion preconcentrate.

Kolliphor HS 15/Propylene Glycol

Formulation Code = D-AS-GC (Drug) MCT (Oil) (2:1) (Surfactant/Cosurfactant)

F1
F2
F3
F4
F5
F6

g Y
N NN = = =
O O = B W N

The visual observation of turbidity is a simple method to identify clear nanoemulsion
formulation. In Figure 4a, it is observable that the optical appearance of the formulations
changed from white (F1) to a transparent or slightly opalescent (F6) appearance. The shift
of turbidity to clear transparency can be described in terms of thermodynamics and kinetic
phenomena of nanoemulsions. Generally, nanoemulsion formation is a non-equilibrium
and non-spontaneous process because the total Gibbs free energy required for the forma-
tion of nanoemulsion is positive [40]. A surfactant/cosurfactant assists the kinetic stability
of nanoemulsion by reducing the interfacial tension between oil and water, leading to
a decrease in Gibbs free energy [41]. Hence, an increase in the surfactant/cosurfactant
amount leads to a decrease in droplet size by increasing the surface to volume ratio,
which, in turn, reduces the scattering of the incident light and gives rise to visually clear
nanoemulsions [42,43]. The opalescence is another indication of Rayleigh scattering that
confirms the stable nanoemulsion formation. It occurs when the droplet size of the na-
noemulsion is less than the wavelength of incident light. Since violet-blue light with a
wavelength of 400 nm scatters more than red light, the nanoemulsion droplet size of less
than 100 nm shows a blue tint in the formulation [44]. Overall, the change in turbidity is
directly related to the droplet size of the formulations.

To make a relationship between turbidity with the particle size and polydispersity
index, the DLS technique is used for all formulations (Figure 4b,d). In the case of for-
mulation F1 to F3, the D-AS-GC to MCT ratio is constant at 1:1, but MCT to Kolliphor
HS 15/propylene glycol ratios increase gradually from 1:2 (F1) to 1:3 (F2) and 1:4 (F4)
(see Table 1), which produce a white to opaque appearance of the formulations. In addition,
the hydrodynamic diameter (Dj,) of the particles decreases from 157.8 nm (F1) to 74.8 nm
(F3) while the polydispersity index (PDI) increases from 0.21 (F1) to 0.28 (F3) (Figure 4d).
In formulations F4 to F6 (see Table 1), the D-AS-GC to MCT ratio is 1:2, and MCT to
Kolliphor HS 15/propylene glycol ratios increase accordingly from 2:4 (F4) to 2:6 (F5) and
2:8 (F6). Formulations F4 to F6 appear translucent to clear. This indicates that the oil
phase is sufficient to completely dissolve the drugs (D-AS-GC). Consequently, the D, of
formulation F4 to F6 (Figure 4d) decreases from 91.4 nm to 19.1 nm, and the PDI decreases
from 0.29 to 0.13. The decrease in hydrodynamic diameter is due to the increase in surface
to volume ratio with an increase in the surfactant/cosurfactant ratio in the formulations. It
is known that Kolliphor HS 15 forms micelles with a diameter of about 12 nm [45]. The
diameter of F6 is only slightly higher. This formulation could also be regarded as swollen
micelles. With increasing loading of hydrophobic liquids, micelles transform into swollen
micelles and finally into emulsions. The above observations demonstrate that oil and
surfactant/cosurfactant ratios have a great influence on the solubility of D-AS-GC and
the formation of a clear nanoemulsion. Though the particle size decreases with increasing
surfactant/cosurfactant ratios to D-AS-GC and oil, the formulations (F1, F2, F3, F4, and
F5) exhibit bimodal distributions in DLS measurements, which indicates the existence of
two important populations of droplets (Figure 4b,d). The Table in Figure 4d represents the
mean diameter of the droplets (F1-F6) and the peak numbering is based on the respective
total area under each peak (peak 1 is the largest and peak 2 is the smallest area under the
peaks). Only formulation F6 shows a monomodal particle size distribution with a very
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Figure 4. Characterization of D-AS-GC nanoemulsions. (a) The visual appearance and (b) DLS
measurements of nanoemulsion formulations F1, F2, F3, F4, F5, and Fé6. (c) DOSY NMR of formulation
F6 (Inset shows the 'H chemical shift and diffusion coefficient). (d) Summary of the mean diameter,
hydrodynamic diameter, and polydispersity index of different formulations (F1-F6) analyzed by DLS.

Two-dimensional diffusion-ordered nuclear magnetic resonance spectroscopy (DOSY
NMR) was further used to determine the hydrodynamic diameter of droplets in the F6 for-
mulation. DOSY NMR is a sensitive and noninvasive tool to determine the hydrodynamic
diameter of the macromolecular complexes in the dispersion medium [46]. It provides a 2D
NMR plot that represents a ' H chemical shift along the x-axis and the diffusion coefficient
along the y-axis. The cross peak in DOSY NMR indicates the diffusion coefficient of the
molecule corresponding to the 'H NMR shifts [47]. The hydrodynamic diameter is calcu-
lated from the Stokes-Einstein equation, Dy, = kgT /37D, where Dj, is the hydrodynamic
diameter (m), kp is the Boltzmann constant (1.38 x 10~23 kgm?s—2K~1!), T is the absolute
temperature (298.15 K), 77 is the viscosity of the continuous phase D,O (0.00125 kgm~!s~!
at 298.15 K), and D is the diffusion coefficient (cm?s~!). The DOSY NMR spectrum
of the F6 formulation is shown in Figure 4c. From the 'H NMR spectra of D-AS-GC
(Figure 1c), MCT, Kolliphor HS 15, and propylene glycol (shown in Figure S8), it is con-
firmed that most of strong DOSY NMR signals correspond to MCT, Kolliphor HS 15, and
propylene glycol. All the resonances allow us to calculate the diffusion coefficient of around
2.26-2.81 x 10~7 cm?s~!. Consequently, the hydrodynamic diameter was calculated from
the Stokes-Einstein equation and ranged from around 13 nm to 16 nm. Small cross peaks
in the DOSY NMR spectrum (dashed circle in Figure 4c) in the range of 1 x 107> to
1 x 107% cm?s~! represent the diffusion coefficient of propylene glycol or tiny aggregates
present in the formulation. The measured oil droplet size (Dj) of 13-16 nm is close to the
value of 19.1 nm obtained by DLS.

To examine the morphology of nanoemulsion (formulation F6), we dispersed the
prepared sample of different concentrations on two different substrates, i.e., mica or silicon
wafer, dried and checked by AFM. Figure 5 shows the morphology of F6 prepared with a
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concentration of 0.01 mg/mL and dried on mica. The dark reddish color represents the mica
surface, whereas the bright color depicts the morphology of the nanoemulsion droplets.
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Figure 5. AFM height images in two different sizes, 2 x 2 um (left) and 1.3 x 1.3 pm (right), with a
sample (F6) concentration of 0.01 mg/mL dried on the mica substrate.

AFM reveals the presence of small droplets in the dried nanoemulsion with a dimen-
sion ranging from ~10 to 50 nm with an average height of ~2 nm. The actual morphology
of the nanoemulsion is hard to resolve due to the soft or sticky nature of the droplets
which generate artifacts and become deformed during imaging [48]. Hence, a typical core
shell-like structure of o/w droplets was not observed in the height images or even in other
imaging modes (e.g., adhesion or modulus). The droplet size obtained from DLS and DOSY
NMR spectroscopy, however, was in quite good agreement with the AFM measurement. In
the next step, we spread a slightly higher concentration (0.05 mg/mL) of the formulation F6
on a silicon wafer and dried it. Figure 6a visualizes the different images (left: height, right:
adhesion) of the droplets. The AFM image of the F6 formulation shows a distinct spherical
core (denoted by a white arrow) and shell (marked by a yellow arrow) morphology of
the droplets. The dark color is observed in the inner cavity, which is composed of drug
molecules (D-AS-GC), and a slightly bright color is observed around the core, which is the
shell made of MCT (oil) and Kolliphor HS 15/ propylene glycol (surfactant/cosurfactant).
However, the dimensions of the droplets are in the range of ~200 nm to 2 um with an aver-
age height of ~100 nm, which is much larger than the droplet size found on the mica surface.
This is because the silicon wafer is a less polar substrate, and spreading a slightly higher
concentration of the sample on the substrate, along with solvent evaporation, leads to the
formation of large droplets due to the evaporation-induced coalescence of oil droplets [49].
A schematic diagram of the coalescence process of the oil droplets during drying on the
substrate is shown in Figure 6b. The above findings provide evidence of the formation
of nanoemulsion with a well-defined inner core of D-AS-GC surrounded by a spherical
homogenous shell composed of o0il and surfactant/cosurfactant.

The dimerization technique used to synthesize D-AS-GC conjugate may potentially
improve the potency of the drug, increase bioavailability with a minimum dose of drug,
reduce side effects, and overcome the drug resistance. Afterwards, the synthesized con-
jugate was used to develop D-AS-GC loaded nanoemulsion preconcentrate. Comparing
with the previous reports, the advantages of nanoemulsions over the conventional drug
delivery systems is that small droplets increase the kinetical stability of nanoemulsions.
Moreover, a small droplet size of the nanoemulsions provides a large surface area, which
enhances the penetration of active ingredients and increases the bioavailability of drugs.
The utilization of nanoemulsions enables a reduction in the required drug dosage by en-
hancing bioavailability, extending retention time within the body, and minimizing drug
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loss. Nanoemulsion could also increase chemical stability of drugs by protecting them from
oxidation and hydrolysis.
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Figure 6. (a) AFM height (left) and adhesion (right) image with a size of 5 X 5 um and with a sample
(F6) concentration of 0.05 mg/mL dried on the silicon substrate, and (b) schematic presentation of
the coalescence process of the oil droplets during drying on the substrate.

3. Materials and Methods
3.1. Materials

Artesunate (97%) was purchased from abcr GmbH (Karlsruhe, Germany). Glycerol
monocaprylate (type II, IMWITOR® 308) and medium-chain triglycerides (MIGLYOL® 812 N)
were purchased from IOI Oleo GmbH (Hamburg, Germany). 4-(dimethylamino)pyridine
(DMAP), silica gel (5107, 0.03-0.2 mm), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC-HCI), deuterium oxide (DO, 99.9%), deuterated chloroform
(CDCl3, 99.8%), HPLC grade n-hexane, and ethyl acetate were purchased from Carl Roth
(Karlsruhe, Germany). Dichloromethane (DCM, anhydrous, 99.9%) was obtained from
Acros Organics (Schwerte, Germany). Kolliphor® HS 15 (Polyoxyl (15) hydroxystearate)
was obtained from BASF (Ludwigshafen, Germany). Propylene glycol (>99.5%, GC grade)
was purchased from Fluka Chemie AG (Buchs, Switzerland).

3.2. Methods
3.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

The NMR spectra were recorded on a VNMRS spectrometer (Agilent Technologies,
Santa Clara, CA, USA) at 500 MHz for 'H NMR and 125 MHz for the attached proton test
(APT) 13C NMR. Two-dimensional NMR measurements, namely, homonuclear correlation
spectroscopy (COSY), heteronuclear single quantum coherence (HSQC) spectroscopy, and
heteronuclear multiple bond correlation (HMBC) spectroscopy, were performed to obtain
detailed structural elucidation. A total of 20 mg of samples were dissolved in 0.6 mL of
deuterated solvents (CDCls and D,0). The solvent residual signal for CHCI; was set at
7.26 ppm for 'H, 77.0 ppm for the APT >*C NMR spectra, and 4.79 ppm for HDO in the
'H NMR spectrum. All measurements were carried out at 27 °C, using tetramethylsilane
(TMS) as an internal standard. The NMR spectral data were interpreted using MestRec
(v.4.9.9.6) software (Mestrelab Research, Santiago de Compostela, Spain).
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3.2.2. Electrospray lonization Time-of-Flight Mass Spectroscopy (ESI-TOF MS)

A Focus Micro TOF spectrometer from Bruker Daltonics (Billerica, MA, USA) was
used to conduct ESI-TOF MS measurements. A total of 1 mg of the sample was dissolved in
HPLC grade THF at a final concentration of 10 uL/mL. Then, 10 uL of sodium iodide (Nal)
was added to the sample solution. The samples were injected with a flow rate of 180 puL/h.
An acceleration voltage of 4.5 kV was used to record the spectra in positive mode. The
measured data were interpreted using Data Analysis 4.2 software from Bruker Daltonics.

3.2.3. Thin-Layer Chromatography (TLC)

Detection of the conjugate formation was performed by thin-layer chromatography
(TLC) using the precoated silica gel aluminum sheet (Merck silica gel 60) as the stationary
phase. A total of 5-10 puL of the sample was spotted on the TLC plate and immersed in
the mobile phase containing a mixture of solvents (ethyl acetate:n-hexane 4:10) in a way
that the spot remained above the level of the mobile phase. Afterwards, the TLC plate was
removed and dried. The spot of the new conjugate was visualized by iodine vapor.

3.2.4. Synthesis of Dimeric Artesunate Glycerol Monocaprylate Conjugate (D-AS-GC)

Dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC) was synthesized via
a simple one-step Steglich esterification reaction [50,51]. Briefly, 0.5 g (2.29 mmol) of glycerol
monocaprylate (GC) was dissolved in 40 mL of ice-cooled anhydrous DCM in a 100 mL
3-neck round-bottom flask equipped with a magnetic stirrer. Afterwards, 2.64 g (6.86 mmol,
3 eq. of -OH groups) of artesunate (AS), 1.3 g of EDC-HCI (6.87 mmol, 3 eq.), and 0.084 g
of DMAP (0.687 mmol, 0.3 eq.) were added to the solution. The reaction was carried out at
0 °C for 30 min followed by 24 h at room temperature under constant stirring. The whole
reaction was performed under inert conditions. The synthesized product was purified by
column chromatography using a mixture of ethyl acetate and n-hexane (4:10) as mobile
phase. The desired product was separated and confirmed by TLC. The pure fractions were
collected and dried under reduced pressure by rotary evaporator. The resultant product
was kept under high vacuum to provide D-AS-GC conjugate as white solid. ESI-TOF MS
(m/z): calculated for C4oH7401g, 950.4875 g mol~! [M]; found, 973.4775 g mol~! [M+Na]*.
The 'H NMR (D-AS-GC, 500 MHz, CDCl3): § (ppm) 5.78-5.76 (2H, H-10), 5.43-5.40 (2H,
H-12), 5.28-5.23 (1H, H-]), 4.32-4.09 (4H, H-1, K), 2.73-2.62 (8H, H-19, 20), 2.57-2.50 (2H,
H-9), 2.39-2.29 (4H, H-4/, F), 2.04-1.99 (2H, H-4"), 1.90-1.86 (2H, H-5'), 1.78-1.69 (4H, H-8/,
7'),1.62-1.58 (4H, H-8a, E), 1.50-1.45 (2H, H-5"), 1.42-1.39 (6H, H-14), 1.39-1.34 (2H, H-8"),
1.31-1.23 (12H, H-5a, 6, B, C, D), 1.04-0.97 (2H, H-7"), 0.96-0.93 (6H, H-15) and 0.88-0.83
(9H, H-16, A). APT 13C NMR (D-AS-GC, 125 MHz, CDCl3): § (ppm) 173.24-171.66 (C-21,
21/, 18, G), 104.42 (C-3), 92.19 (C-10), 91.48 (C-12), 80.09 (C-12a), 69.37 (C-]), 62.41-61.86
(C-L, K), 51.57 (C-5a), 45.24 (C-8a), 37.25 (C-6), 36.22 (C-4), 34.10-33.98 (C-7, F), 31.80 (C-9),
31.63 (C-C), 29.04-28.62 (C-19, 20, D), 25.93 (C-14), 24.84-24.58 (C-5, E), 22.51(C-B), 21.98
(C-8),20.19 (C-15), 14.05 (C-A) and 12.03 (C-16). The 'H NMR (AS, 500 MHz, CDCl): 6
(ppm) 5.78-5.76 (1H, H-10), 5.43-5.40 (1H, H-12), 2.73-2.62 (4H, H-19, 20), 2.57-2.50 (1H,
H-9), 2.39-2.33 (1H, H-4'), 2.04-1.99 (1H, H-4""), 1.90-1.86 (1H, H-5'), 1.78-1.69 (2H, H-8/,
7'),1.62-1.58 (1H, H-8a), 1.50-1.45 (1H, H-5"), 1.42-1.39 (3H, H-14), 1.39-1.34 (1H, H-8"),
1.31-1.23 (2H, H-5a, 6), 1.04-0.97 (1H, H-7"), 0.96-0.93 (3H, H-15) and 0.88-0.83 (3H, H-16).
APT 13C NMR (AS, 125 MHz, CDCl3): 6 (ppm) 177.94 (C-21), 171.10 (C-18), 104.42 (C-3),
92.39 (C-10), 91.63 (C-12), 80.22 (C-12a), 51.68 (C-5a), 45.36 (C-8a), 37.38 (C-6), 36.33 (C-4),
34.21 (C-7), 31.92 (C-9), 29.06-28.79 (C-19, 20), 26.04 (C-14), 24.69 (C-5), 22.10 (C-8), 20.31
(C-15) and 12.08 (C-16). The 'H NMR (GC, 500 MHz, CDCl3): & (ppm) 4.17-4.10 (2H, H-I),
3.92-3.88 (1H, H-J), 3.69-3.55 (2H, H-K), 3.02 (-OH), 2.35-2.31 (2H, H-F), 1.64-1.58 (2H,
H-E), 1.32-1.21 (8H, H-B, C, D) and 0.88-0.85 (3H, H-A). APT 13C NMR (GC, 125 MHz,
CDClz): é (ppm) 174.49 (C-G), 70.38 (C-J), 65.20 (C-I), 63.52 (C-K), 34.27 (C-F), 31.74 (C-C),
29.19 (C-D), 25.00 (C-E), 22.69 (C-B) and 14.14 (C-A).
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3.2.5. Formulation of Nanoemulsion Preconcentrate and Optimization

Nanoemulsion preconcentrate is an anhydrous system composed of drug, oil, sur-
factant, and cosurfactant. It spontaneously forms oil in water (o/w) nanoemulsion upon
dispersing in an aqueous phase [52]. Accordingly, in this study, the nanoemulsion precon-
centrates were prepared which were composed of D-AS-GC, medium-chain triglycerides
(MCT), Kolliphor HS 15/propylene glycol as drug, oil, and surfactant/cosurfactant. The
preconcentrates were prepared according to Yao-Xing Dou et al. with a slight modifi-
cation [53]. The composition of different nanoemulsion preconcentrates is presented in
Table 1, keeping the surfactant/cosurfactant ratio of 2:1 (w/w) constant for all formulations.
Predetermined ratios of D-AS-GC, MCT and Kolliphor HS 15/ propylene glycol were taken
in a small vial and mixed under gentle magnetic stirring at 40 °C until a clear solution was
obtained. Afterwards, the preconcentrate was cooled down to room temperature and kept
in the air-tight vial and dispersed in double distilled water for nanoemulsion formulation.
All the nanoemulsion preconcentrates were further examined visually and by dynamic
light scattering (DLS) after being dispersed into the double distilled water to optimize a
homogeneous and clear nanoemulsion formulation.

3.2.6. Visual Evaluation of the Formulations

The prepared nanoemulsion preconcentrates were diluted at 1:30 with double distilled
water and gently mixed by a magnetic stirrer. The resulting mixtures were equilibrated for
30 min at room temperature and the appearance of the formulations was visually examined.

3.2.7. Determination of Droplet Size by Dynamic Light Scattering (DLS)

Hydrodynamic diameter (Dj) and intensity-weighted size distribution of the droplets
in the formulations were analyzed by DLS using Litesizer 500 device (Anton Paar GmbH,
Graz, Austria). The formulations were taken from the previous experiment and poured
carefully into a quartz cell (Hellma Analytics, Miillheim, Germany) to avoid air bubbles.
The measurements were performed at a light wavelength of 658 nm, a detection angle of
175° (backscattering), and the temperature was set to 25 °C. Dj, and the broadness of the
intensity size distribution, called the polydispersity index (PDI), were derived from the
intensity curve fitting by applying the autocorrelation function using Kalliope Software
(Anton Paar GmbH).

3.2.8. Droplet Size Measurement Using Diffusion-Ordered NMR Spectroscopy (DOSY NMR)

Based on the results of the visual evaluation and DLS measurements, the hydrody-
namic diameter of the optimized sample was further analyzed by DOSY NMR spectroscopy.
The DOSY NMR sample was prepared using D,O in place of H,O as the dispersing phase
of the desired nanoemulsion preconcentrate. The DOSY NMR spectrum was recorded in
an Agilent VNMR DD2 (500 MHz, version OpenVnmr 2.1) spectrometer. The measurement
was obtained using the Agilent pulse program DgcsteSL_cc. The diffusion delay and
relaxation delay were set at 300 ms and 2 s, respectively, with a diffusion gradient length
of 3 ms and a total number of 16 scans. The experiment was performed at 27 °C and the
solvent residual signal of HDO was set at 4.79 ppm in the 'H NMR spectrum.

3.2.9. Morphological Analysis by Atomic Force Microscopy (AFM)

A Bruker MultiMode 8 AFM instrument was used to check the droplet dimensions in
the nanoemulsions. The samples were prepared in two different concentrations, 0.01 and
0.05 mg/mL, and were applied at a volume of 10 to 20 puL using a Hamilton syringe on two
different substrates, e.g., a freshly cleaved mica surface and a CO, snow jet cleaned silicon
plate of 10 mm?. After solvent evaporation, the substrates were carefully examined by
optical microscopy, and the area of interest was scanned by AFM. Images were acquired in
PeakForce Quantitative Nanomechanics (PF-QNM) tapping mode using a SCANSYST-AIR
cantilever with a spring constant of 0.4 N m~! and a resonance frequency of 70 kHz. The
images were recorded with a cantilever oscillation of 2 kHz and a scan speed of 0.5 Hz.



Molecules 2023, 28, 5208

13 of 16

The PF-QNM modes provide six different images simultaneously, such as height, peak
force error, modulus, adhesion, deformation, and dissipation. Only height and adhesion
images are presented here. The height image provides information about the height and
lateral dimensions, whereas the adhesion image provides the adhesion properties of the
sample relative to the cantilever, meaning that a strong contrast can be seen when the
cantilever and sample have higher adhesion. This helps to identify various morphologies
that cannot be resolved well in the height image. However, as the cantilever was not
calibrated, the adhesion force in the image appears as volt rather than newton. Finally, the
captured images were then processed by Gwyddion software (open source software, Czech
Metrology Institute, Brno, Czech Republic).

4. Conclusions

In this paper, the dimerization technique and the nanoemulsion formulation were
combined to comprise the properties of both approaches into a drug delivery system
in order to increase the potency and efficacy of artesunate-based antimalarial treatment.
Recently, an amphiphilic dimeric artesunate glycerophosphorylcholine (Di-ART-GPC)
liposome was developed, which showed longer retention time and enhanced bioavailability
in vivo compared to the parent drug [54,55]. Accordingly, we described the covalent
conjugation of artesunate (AS) with a linker molecule glycerol monocaprylate (GC) to
synthesize dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC), which was
characterized by ESI-TOF MS and 1D and 2D NMR spectroscopy. Later, different D-AS-GC
loaded nanoemulsion preconcentrates were developed to optimize a transparent, stable
nanoemulsion formulation upon dilution with an aqueous phase (double distilled water).
Formulation F6 showed a clear nanoemulsion with a monomodal particle size distribution
and a very narrow PDI of 0.13. The morphology of F6 was investigated by AFM using two
different substrates to understand nanoemulsion characteristics and to visualize the internal
structure of the nanoemulsion droplets. AFM results revealed the formation of nanodroplets
close to DLS and DOSY NMR values with no observed defined structure on the mica
surface. However, upon deposition of the formulation and drying on the silicon surface,
an inner cavity surrounded by a spherical outer shell was observed, which confirmed
the formation of a core shell-like structure composed of an inner core of drug molecules
(D-AS-GC) with a distinct outer layer of MCT (oil) and Kolliphor HS 15/ propylene glycol
(surfactant/cosurfactant). In conclusion, we successfully synthesized dimeric artesunate
glycerol monocaprylate conjugate (D-AS-GC) and developed a nanocarrier system for
D-AS-GC delivery, thus creating a promising drug candidate for antimalarial treatment in
combination with other drugs or as monotherapy. This strategy can further help to achieve
an extended drug circulation time, increase bioavailability with a minimum dose of drugs,
and control drug release over a long period of time. However, further research is necessary
to verify the structure—activity relationship (SAR), pharmacokinetic and pharmacodynamic
properties, and overall pharmacological and toxicological profile of the formulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28135208/s1, Figure S1: HSQC NMR spectrum of AS
was recorded at 27 °C using CDCl;3 as solvent. The inset shows the HSQC NMR spectrum of AS
in the range of 0-8 ppm and 90-180 ppm for 'H and APT 3C NMR chemical shifts, respectively.
No additional correlation signals are observed in this region; Figure S2: COSY NMR spectrum of
AS was recorded at 27 °C using CDClj as solvent; Figure S3: HMBC NMR spectrum of AS was
recorded at 27 °C using CDClj as solvent; Figure 54: HSQC NMR spectrum of GC was recorded
at 27 °C using CDClj3 as solvent. The inset shows the HSQC NMR spectrum of GC in the range of
0-8 ppm and 160-190 ppm for 'H and APT 3C NMR chemical shifts, respectively. No additional
correlation signals are observed in this region; Figure S5: COSY NMR spectrum of GC was recorded
at 27 °C using CDCl3 as solvent; Figure S6: HMBC NMR spectrum of GC was recorded at 27 °C
using CDClj3 as solvent; Figure S7: HSQC NMR spectrum of D-AS-GC was recorded at 27 °C using
CDCl; as solvent. The inset shows the HSQC NMR spectrum of D-AS-GC in the range of 0-8 ppm
and 90-170 ppm for 'H and APT 3C NMR shifts, respectively. No additional correlation signals are
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observed in this region; Figure S8: 'H NMR spectra of (a) propylene glycol, (b) Kolliphor HS 15 and
(c) medium-chain triglycerides (MCT) were recorded at 27 °C using D,O and CDCl; as solvent; Table
S1: HSQC NMR assignment of AS; Table S2: COSY NMR assignment of AS; Table S3: HMBC NMR
assignment of AS; Table S4: HSQC NMR assignment of GC; Table S5: COSY NMR assignment of GC;
Table S6: HMBC NMR assignment of GC; Table S7: HSQC NMR assignment of D-AS-GC.
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Supplementary Materials

Figure S1. HSQC NMR spectrum of AS was recorded at 27 °C using CDCls as solvent. The
inset shows the HSQC NMR spectrum of AS in the range of 0-8 ppm and 90-180 ppm for 'H
and APT BC NMR chemical shifts, respectively. No additional correlation signals are
observed in this region.

Figure S2. COSY NMR spectrum of AS was recorded at 27 °C using CDCls as solvent.

Figure S3. HMBC NMR spectrum of AS was recorded at 27 °C using CDCls as solvent.

Figure S4. HSQC NMR spectrum of GC was recorded at 27 °C using CDCls as solvent. The
inset shows the HSQC NMR spectrum of GC in the range of 0-8 ppm and 160-190 ppm for 'H
and APT C NMR chemical shifts, respectively. No additional correlation signals are
observed in this region.

Figure S5. COSY NMR spectrum of GC was recorded at 27 °C using CDCls as solvent.

Figure S6. HMBC NMR spectrum of GC was recorded at 27 °C using CDCls as solvent.

Figure S7. HSQC NMR spectrum of D-AS-GC was recorded at 27 °C using CDCls as solvent.
The inset shows the HSQC NMR spectrum of D-AS-GC in the range of 0-8 ppm and 90-170
ppm for '"H and APT C NMR shifts, respectively. No additional correlation signals are
observed in this region.

Figure S8. 'H NMR spectra of (a) propylene glycol, (b) Kolliphor HS 15 and (c) medium-chain
triglycerides (MCT) were recorded at 27 °C using D20 and CDCl; as solvent.

Table S1. HSQC NMR assignment of AS

Table S2. COSY NMR assignment of AS

Table S3. HMBC NMR assignment of AS

Table S4. HSQC NMR assignment of GC

Table S5. COSY NMR assignment of GC

Table S6. HMBC NMR assignment of GC



Table S7. HSQC NMR assignment of D-AS-GC
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Figure S1. HSQC NMR spectrum of AS was recorded at 27 °C using CDCls as solvent. The
inset shows the HSQC NMR spectrum of AS in the range of 0-8 ppm and 90-180 ppm for 'H
and APT C NMR chemical shifts, respectively. No additional correlation signals are
observed in this region.

Table S1. HSQC NMR assignment of AS.

Chemical shift 6 (ppm) 'H peak Chemical shift oc APT 13C peak
assignment (ppm) assignment

5.78-5.76 10 92.39 10
5.43-5.40 12 91.63 12
2.73-2.62 19 and 20 29.06-28.79 19 and 20
2.57-2.50 9 31.92 9
2.39-2.33 4 36.33 4
2.04-1.99 4" 36.33 4"
1.90-1.86 5' 24.69 5'

1.78 8 22.10 8



1.67 7' 34.21 7'

1.62-1.58 8a 45.36 8a
1.50-1.45 5" 24.69 5"
1.42-1.39 14 26.04 14
1.39-1.34 8" 22.10 8"
1.33 6 37.38 6
1.27 5a 51.68 5a
1.04-0.97 7" 34.21 7"
0.96-0.93 15
0.88-0.83 16
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Figure S2. COSY NMR spectrum of AS was recorded at 27 °C using CDCls as solvent.
Table S2. COSY NMR assignment of AS.
Chemical shift 6u (ppm) Chemical shift 6u (ppm) COSY correlation
assignment
5.78-5.76 2.57-2.50 10-9
2.57-2.50 0.88-0.83 9-16
2.57-2.50 1.62-1.58 9-8a

2.39-2.33 1.90-1.86 4'-5'



2.39-2.33 2.04-1.99 4'-4"

2.04-1.99 1.50-1.45 4"-5"
2.04-1.99 1.90-1.86 4"-5'
1.90-1.86 1.27 5'-5a
1.78 1.04-0.97 8'-7"
1.67 1.04-0.97 77"
1.67 1.39-1.34 7'-8"
1.78 1.39-1.34 8'-8"
1.78 1.62-1.58 8'-8a
1.62-1.58 1.39-1.34 8a-8"
1.50-1.45 1.27 5"-5a
1.33 0.96-0.93 6-15
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Figure S3. HMBC NMR spectrum of AS was recorded at 27 °C using CDCls as solvent.

Table S3. HMBC NMR assignment of AS.

Chemical shift éu (ppm) Chemical shift ¢ (ppm) HMBC correlation assignment

5.78-5.76 12.08 10-16
5.78-5.76 31.92 10-9
5.78-5.76 171.10 10-18

5.43-5.40 80.22 12-12a



5.43-5.40
2.73-2.62
2.73-2.62
2.73-2.62
2.39-2.33
2.39-2.33
2.04-1.99
1.78
1.78
1.62-1.58
1.62-1.58
1.62-1.58

1.62-1.58
1.42-1.39
1.42-1.39
1.27
1.27
1.27
1.27
0.96-0.93
0.96-0.93
0.96-0.93
0.88-0.83
0.88-0.83
0.88-0.83

104.42
29.06-28.79
171.10
177.94
104.42
24.69
26.04
34.21
45.36
22.10
31.92
80.22

91.63
36.33
104.59
24.69
37.38
80.22
91.63
34.21
37.38
51.68
31.92
45.36
92.39

12-3
19-20 or 20-19
20-18
19-21
4'-3
4'-5
4"-14
8'-7
8'-8a
8a-8
8a-9
8a-12a
8a-12
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14-3
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5a-12a
5a-12
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15-6
15-5a
16-9
16-8a
16-10
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Figure S4. HSQC NMR spectrum of GC was recorded at 27 °C using CDCls as solvent. The
inset shows the HSQC NMR spectrum of GC in the range of 0-8 ppm and 160-190 ppm for 'H
and APT C NMR chemical shifts, respectively. No additional correlation signals are observed
in this region.

Table S4. HSQC NMR assignment of GC.

Chemical shift ou 'H peak Chemical shift 6c APT BC peak
(ppm) assignment (ppm) assignment
4.17-4.10 I 65.20 I
3.92-3.88 ] 70.38 ]
3.69-3.55 K 63.52 K
2.35-2.31 F 34.27 F
1.64-1.58 E 25.00 E
1.32-1.21 B,Cand D 22.69, 31.74 and 29.19 B,Cand D
0.88-0.85 A 14.14 A
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Figure S5. COSY NMR spectrum of GC was recorded at 27 °C using CDCls as solvent.
Table S5. COSY NMR assignment of GC.
Chemical shift 6u (ppm) Chemical shift 6u (ppm) COSY correlation assignment
4.17-4.10 3.92-3.88 L]
3.69-3.55 3.92-3.88 K-J
2.35-2.31 1.64-1.58 F-E
1.64-1.58 1.32-1.21 E-D
1.32-1.21 0.88-0.85 B-A
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Figure S6. HMBC NMR spectrum of GC was recorded at 27 °C using CDCls as solvent.

Table S6. HMBC NMR assignment of GC.

20
30
40
S0
60
70
80
90
F100
F110
F120
F130
r140
F150
160
170
180

Chemical shift (ppm)

Chemical shift 6 (ppm)

Chemical shift 5c  HMBC correlation assignment

(ppm)

4.17-4.10 63.52 I-K
4.17-4.10 70.38 I-]
4.17-4.10 174.49 I-G
3.92-3.88 65.20 J-I
3.69-3.55 65.20 K-I
3.69-3.55 70.38 K-J
2.35-2.31 25.00 F-E
2.35-2.31 29.19 F-D
2.35-2.31 174.49 F-G
1.32-1.21 29.19 B/C-D
0.88-0.85 22.69 A-B
0.88-0.85 31.74 A-C
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Figure S7. HSQC NMR spectrum of D-AS-GC was recorded at 27 °C using CDCls as solvent.
The inset shows the HSQC NMR spectrum of D-AS-GC in the range of 0-8 ppm and 90-170
ppm for '"H and APT C NMR shifts, respectively. No additional correlation signals are
observed in this region.

Table S7. HSQC NMR assignment of D-AS-GC.

Chemical shift 6= (ppm) H peak Chemical shift ~ APT ®C peak assignment
assignment oc (ppm)

5.78-5.76 10 92.19 10
5.43-5.40 12 91.48 12
5.28-5.23 J 69.37 J
4.32-4.09 I, K 62.41-61.86 LK
2.73-2.62 19 and 20 29.04-28.62 19 and 20
2.57-2.50 9 31.80 9
2.39-2.29 4 36.22 4
2.39-2.29 F 34.10-33.98 F
2.04-1.99 4" 36.22 4
1.90-1.86 5' 24.84-24.58 5
1.78-1.69 8 21.98 8
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Figure S8. 'H NMR spectra of (a) propylene glycol, (b) Kolliphor HS 15 and (c) medium-chain
triglyceride (MCT) were recorded at 27 °C using D20 and CDCls as solvent.



4. Summary and outlook

Polymer and lipid-based nanocarriers have emerged as pivotal tools in the delivery of
therapeutic agents, providing a range of benefits due to their distinct physicochemical
properties. Based on this, the present thesis outlines three projects in two different subject
areas focused on the design, synthesis, and structural characterization of carrier platforms for
the delivery of therapeutics. The first part (Part A) of the thesis combines two projects
focused on the development of HES-based therapeutic carriers and the second part (Part B)

focuses on the designing of the lipid-based drug delivery system.

In the first project, HES was utilized for the development of enzymatically catalyzed
polymer-protein conjugates as an effective carrier for the delivery of proteins. For this
purpose, HES was modified with primary amine-containing side chains (HES-g-NH,) by
reacting with HMDA via a CDI-mediated coupling reaction. Detailed structural
characterization of native HES before and after modification was investigated using '"H NMR,
2D COSY and HSQC spectroscopy, and FTIR spectroscopy which validated the successful
introduction of primary amines and the synthesis of HES-g-NH,. The number of side chains
attached to the HES backbone was calculated from the 'H NMR as 7.5 mol% (approximately
28 primary amine groups per polymer chain). This amine-functionalized HES-g-NH, was later
used as an acyl acceptor substrate for the mTGase-catalyzed reaction with rHuEPO. Further,
HES-g-NH, was partially labeled with an amine-reactive fluorescent dye, rhodamine B
isothiocyanate, to form rhodamine B tagged HES-g-NH,-R and characterized by '"H NMR
spectroscopy. Both HES-g-NH, and HES-g-NH,-R were subjected to the enzymatically
catalyzed conjugation reaction with the rHuEPO at its transition temperature (Ty,). Alaneed et
al. determined the Ty, of rHUEPO by nano differential scanning fluorimetry (nanoDSF) and
demonstrated that half of the protein exists in its unfolded state at this temperature [288]. As a
proof of study, a series of control experiments were carried out using N-deglycosylated
rHuEPO with monodansyl cadaverine (MDC), a fluorescent substrate of mTGase, at 37 °C
catalyzed by a variant mTGase-S2P. The results were analyzed SDS-PAGE and revealed that
at 37 °C (a) no crosslinking reaction occurred between MDC and mTGase-S2P when MDC
was incubated with mTGase-S2P, (b) no conjugation reaction took place between N-

deglycosylated rHUEPO and MDC when MDC was incubated with N-deglycosylated
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rHuEPO in absence of mTGase-S2P, (c) no notable conjugates or aggregates were detected
when N-deglycosylated tHUEPO was incubated with mTGase-S2P and (d) no significant
conjugation reaction happened between N-deglycosylated rHuEPO and MDC in the presence
of mTGase-S2P. From the control experiments, it was clear that rHuEPO needs to be partially
unfolded for further conjugation reaction as the GIn residues that are identified by mTGase
are located within the protein's unfolded region. Hence, the conjugation reactions of HES-g-
NH; and HES-g-NH,-R with rHuUEPO were carried out at 54 °C, using a thermoresistant
variant mTGase TG'® and investigated by SDS-PAGE. The SDS-PAGE analysis of the
conjugation reaction between HES-g-NH, with rHuEPO in the presence of mTGase TG'®
clearly revealed the appearance of a high molar mass band represented the rHUEPO-HES
conjugates over 116 kDa after silver staining, along with a consequent reduction of the pure
rHuEPO band intensity. The high molar mass band appeared with a broad distribution on the
gel that can be attributed to the high polydispersity of HES and the heterogeneity of the
glycan moieties of rHUEPO. Cross-linked aggregates were also observed on the top of the
stacking gel because both HES-g-NH, and rHUEPO possess multiple reactive sites that can be
modified by mTGase TG'®. Furthermore, SDS-PAGE investigations were conducted to assess
the mTGase TG'®-mediated conjugation reaction between HES-g-NH,-R and rHuEPO,
visualized under UV light followed by silver staining. The results showed an almost similar
high molar mass fluorescent band of rhodamine B labeled rHuEPO-HES conjugates over 180
kDa together with cross-linked aggregates. It was observed that the fluorescent band intensity
of HES-g-NH,-R decreased with increasing reaction time, indicating the consumption of
HES-g-NH,-R for the formation of rHUEPO-HES conjugates under mTGase TG'® catalysis.
In addition, both conjugation reactions were further performed after the treatment with
PNGase F to form N-deglycosylated rHUEPO and analyzed by SDS-PAGE. The results
demonstrated that the conjugates exhibited similar behavior with more intense band intensity
before and after N-deglycosylation. Together, these findings verified the successful
conjugation of HES with rHuEPO and hence, developed a biodegradable HES-based
enzymatically catalyzed polymer-protein conjugates for the delivery of rHuUEPO which can

improve the protein solubility, stability, and overall pharmacokinetics.

The second project involved the use of HES for the development of highly fatty acid-grafted
HES nanocarriers, designed to improve the loading capacity and enhance drug delivery
efficiency. To this aim, SA was grafted with HES through a Steglich esterification reaction.
Two highly stearate-grafted HES conjugates (St-HES) were synthesized by differing the

feeding ratio of SA to HES to obtain an improved hydrophobic inner core. Initially, a
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thorough structural characterization of native HES was conducted to refine the structural
verification by examining 'H NMR and 2D NMR spectroscopy including labile proton
exchange phenomena to identify the anomeric proton signals and other proton signals from
the HES backbone, subsequently allowed for the precise determination of the grafting degree
of St-HES conjugates. The St-HES conjugates were characterized by 'H, 2D HSQC, and
HMBC NMR spectroscopy. The degree of grafting of stearate side chains was determined
from 'H NMR spectroscopy as 29.4% (St-HES29.4) and 60.3% (St-HES60.3). Moreover, the
thermal and crystalline properties of native HES, St-HES29.4, and St-HES60.3 were analyzed
using DSC and WAXS techniques, respectively. The DSC thermogram of HES and St-
HES29.4 did not exhibit any melting endotherm and behaved like an amorphous polymer
while St-HES60.3 showed a melting transition with a broad melting range of —7 °C to 29 °C
and a melting point of 21.2 °C. The DSC results were further confirmed by WAXS
experiments. The WAXS diffractograms demonstrated that both HES and St-HES29.4 were
entirely amorphous in nature, showing no distinct Bragg reflections but rather a broad
amorphous halo. On the contrary, St-HES60.3 displayed a strong reflection at 20 = 21.84°
along with an amorphous halo, indicating the semicrystalline nature of the conjugate. By
comparing the WAXS diffractograms of SA and St-HES60.3, findings suggested that the
partial crystalline nature of St-HES60.3 originates from the stearate grafted side chains.
Afterwards, St-HES29.4 and St-HES60.3 were used to form self-assembled micelles in an
aqueous phase, resulting in a monodisperse particle size distribution with hydrodynamic
diameters (Dj) of 130.7 nm and 152.5 nm, respectively. The morphology of the self-
assembled micelles St-HES29.4 and St-HES60.3 was investigated by SEM. The experiment
showed that both samples were nearly spherical in shape with a diameter (obtained from SEM
images) of 99.8 nm and 119.4 nm, respectively, with the presence of some collapsed
structures. The size of the micelles observed in the SEM measurements appeared smaller than
the results obtained from the DLS analysis. The collapse structures and the smaller particle
size of the micelles were due to the drying process of the SEM samples. In short, these results
confirmed the successful conjugation of SA to HES to synthesize St-HES29.4 and St-
HES60.3 conjugates which were able to self-assemble in the aqueous phase. These conjugates
could be used in pharmaceutical drug delivery as a nanocarrier to load hydrophobic drugs and
labile bioactive compounds with enhanced encapsulation efficiency, drug stability, and

prolonged circulation time.

The third project focused on the synthesis and development of lipid-based nanocarrier as a

promising alternative to polymer-based delivery systems. To achieve this, two established
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approaches were combined, firstly, the dimerization of the drug to create a new dimeric entity,
and secondly, to design of nanoemulsion preconcentrate as a carrier for the delivery of this
dimeric entity. Initially, a dimeric artesunate glycerol monocaprylate conjugate (D-AS-GC)
was synthesized by conjugating the antimalarial drug artesunate (AS) with a dimeric linker,
glycerol monocaprylate (GC), using a simple esterification reaction to produce lipidic D-AS-
GC conjugates. The structure of the initial reactants and the formed D-AS-GC conjugate were
thoroughly characterized by '"H NMR, APT *C NMR, 2D NMR COSY, HSQC, and HMBC
spectroscopy. The integration value from the "H NMR spectrum of D-AS-GC conjugate
demonstrated that two molecules of AS were successfully conjugated with GC through ester
linkages. The molar mass of the D-AS-GC conjugate was determined using electrospray
ionization time-of-flight mass spectroscopy (ESI-TOF MS), showing a major molecular ion
peak at m/z 973.4775 (M+Na), which further confirmed the successful synthesis of dimeric
D-AS-GC entity. Subsequently, a series of D-AS-GC loaded nanoemulsion preconcentrate
(F1-F6) was prepared composed of MCT (oil), Kolliphor HS15 (surfactant), and propylene
glycol (cosurfactant) by varying the mass ratios and then evaluated by DLS following dilution
with an aqueous phase. All formulations, except for F6, exhibited bimodal distributions in the
DLS measurements. Formulation F6 displayed a clear nanoemulsion and a monomodal
particle size distribution with a Dj, of 19.1 nm and a very narrow PDI of 0.13. Therefore, F6
was selected as the optimal combination for the nanoemulsion formulation. The droplet size
of F6 was further determined by two-dimensional diffusion-ordered nuclear magnetic
resonance spectroscopy (DOSY NMR) and showed D), values between 13—16 nm, close to the
value obtained by DLS. Finally, the morphology of F6 was examined by AFM using two
different substrates mica and silicon wafer. AFM analysis on the mica substrate indicated the
presence of small droplets with dimensions ranging from approximately 10 to 50 nm,
however, these droplets were difficult to resolve due to their soft or sticky nature, which could
lead to artifacts and deformation during imaging. Consequently, AFM assessment on a silicon
wafer displayed a distinct core-shell-like structure consisting of an inner core of drug
molecules (D-AS-GC) surrounded by a distinct outer layer of MCT and Kolliphor
HS15/propylene glycol. The droplet size was around 200 nm, much larger than those on the
mica surface, likely due to the less polar silicon wafer, resulting in the formation of larger
droplets through the evaporation-induced coalescence process. In conclusion, an optimized
nanoemulsion was developed to deliver the lipidic D-AS-GC conjugates which could

effectively enhance the in vivo half-life, extend circulation time, protect against drug
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degradation, combat drug resistance of the antimalarial drug artesunate, and improve

treatment outcomes.
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