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SUMMARY

Lipid emulsions as an integral part of parenteral nutrition provide vital energy to prevent malnutrition
when the intake or absorption of nutrients is impaired. Supply of essential fatty acids avoids deficiencies
and ensures proper growth and neurological development, which is particularly important in pre-term
infants. For many patients, parenteral nutrition is required for life. However, existing formulations suffer
from substantial inflammatory adverse effects when used for an extended period. Adverse effects pri-
marily affect the liver and impair its function with cholestasis, steatosis, and fibrosis with potential pro-

gression to cirrhosis.

Several underlying causes have been proposed, including the oil type and — associated with this — the
ratio of n—6 polyunsaturated fatty acids (PUFA) to n—3 PUFA, a high phytosterol content and a low a-
tocopherol content. Soybean oil, the most commonly used oil in lipid emulsions, is rich in n—6 PUFAs
that are metabolized in the body to pro-inflammatory mediators. The tissue distribution with a high
uptake into the liver is thought to further aggravate the observed adverse effects. Evidence has been
published that oils rich in n—3 PUFAs cause less inflammatory adverse effects and even reverse inflam-
matory conditions. Available alternative formulations still come with drawbacks, including the non-
sustainability due to overfishing of oceans and bear the risk of exposure to lipid-soluble environmental

toxins accumulating in the food chain.

We aimed at developing intravenous lipid emulsions with a composite oil source rich in n—3 PUFAs
achieving a more balanced tissue distribution, ultimately eliciting less adverse effects. Various formu-
lations with different compositions were designed, manufactured and evaluated for improved in vitro
and in vivo effects while maintaining compliance with regulatory requirements. Excipients interfering
with steps of the lipid oxidation chain reaction were incorporated into the formulation to minimize the
extent of oxidative degradation. a-Tocopherol as potent antioxidant also endogenously present in a wide
variety of natural oils was added and helped reduce the degree of oxidation to similar levels found in
commercially available formulations. Due to the lack of suitable assays for the quantification of degra-
dation products from lipid oxidation and hydrolysis, in-house assays were developed. Three assays were
developed or adapted for our needs to characterize the new emulsions with a focus on minimizing sample

consumption and achieving rapid sample throughput.

Radioactively labelled triglyceride molecules were used to study the in vivo tissue distribution of lipid
emulsions produced from different oil sources. Distinct tissue distributions were found based on the
used oil type and the n—6 to n—3 balance. At 10 and 60 min after intravenous injection in mice, the
highest uptake was seen in lung tissue, followed by the uptake in the liver and spleen. Clearance from
blood and plasma was faster for the newly developed n—3 PUFA-rich emulsions than the soybean oil-

based emulsions.

We also hypothesized that reducing the droplet size would further reduce the uptake in the liver. Several
excipients were evaluated for the production of stable emulsions with smaller droplet size. However,
reducing the droplet size increased the levels of lipid oxidation products. A compromise between droplet
size reduction and oxidation product levels resulted in droplet sizes around 160-170 nm. The smaller
droplet sizes did not substantially affect the distribution pattern in vivo as compared to the corresponding
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emulsions with a droplet size of 280-300 nm, indicating that the oil type is the main driver governing
the tissue distribution. Collectively, the feasibility of manufacturing lipid emulsions from a composite
oil mixture rich in n—3 PUFA complying with the thresholds set by the United States Pharmacopoeia

was demonstrated.
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ZUSAMMENFASSUNG

Fettemulsionen als integraler Bestandteil von parenteraler Erndhrung liefern lebenswichtige Energie,
um Unterernéhrung zu verhindern, wenn die Nahrungsaufnahme oder Néhrstoffabsorption im Verdau-
ungssystem beeintrachtigt ist. Die Zufuhr essenzieller Fettsduren beugt Mangelerscheinungen vor und
gewihrleistet ein normales Wachstum und eine ordnungsgemaésse neurologische Entwicklung, was be-
sonders bei der Anwendung bei Frithgeborenen wichtig ist. Bei vielen Patienten ist parenterale Ernéh-
rung lebenslang notig. Die existierenden Formulierungen fithren jedoch zu erheblichen entziindlichen
Nebenwirkungen, wenn sie iiber einen lingeren Zeitraum angewendet werden. Unerwiinschte Neben-
wirkungen betreffen hauptséchlich die Leber und beeintrdchtigen die Funktion durch Cholestase,
Steatose und Fibrose mit moglichem Fortschreiten bis hin zur Leberzirrhose.

Mehrere zugrundeliegende Ursachen wurden dafiir vorgeschlagen, unter anderem die Art des Ols und —
damit verbunden — das Verhéltnis von n—6 mehrfach ungesittigten Fettsduren (englisch "polyunsatura-
ted fatty acids", PUFA) zu n—3 PUFA, ein hoher Phytosterolgehalt und ein niedriger a-Tocopherolge-
halt. Sojabohnendl als das am hiufigsten in Fettemulsionen verwendete Ol, ist reich an n—6 PUFA, die
im Korper zu entziindungsfordernden Mediatoren umgewandelt werden. Es wird vermutet, dass die Ver-
teilung der Lipidemulsion im Gewebe mit einer hohen Aufnahme in der Leber die beobachteten schid-
lichen Auswirkungen noch verstirkt. Es gibt Belege dafiir, dass Ole, die reich an n—3 PUFAs sind,
geringere entziindliche Nebenwirkungen hervorrufen und im Gegenzug entziindliche Zustinde mildern
konnen. Die verfiigbaren alternativen Formulierungen haben jedoch nach wie vor Nachteile, u.a. sind
sie nicht 6kologisch nachhaltig wegen Uberfischung der Meere und bergen das Risiko einer Exposition
gegeniiber fettloslichen Umweltgiften, die sich iiber die Nahrungskette anreichern.

Wir verfolgten das Ziel, intravendse Fettemulsionen zu entwickeln mit einer aus verschiedenen Olen
zusammengesetzten Olkomponente, die reich an n—3 PUFAs ist, um so eine ausgewogenere Verteilung
im Gewebe zu erreichen und letztlich weniger unerwiinschte Wirkungen hervorzurufen. Dazu wurden
verschiedene Formulierungen mit unterschiedlichen Zusammensetzungen konzipiert, hergestellt und
auf verbesserte in vitro- und in vivo-Wirkungen hin untersucht, unter gleichzeitiger Einhaltung der re-
gulatorischen Anforderungen. Um das Ausmass des oxidativen Abbaus zu minimieren wurden Hilfs-
stoffe, die in die Lipidoxidationskettenreaktion eingreifen und diese hemmen, in die Formulierung ein-
gebaut. a-Tocopherol als ein starkes Antioxidans, welches auch endogen in einer Vielzahl natiirlicher
Ole vorhanden ist, trug dazu bei, den Oxidationsgrad auf ein Niveau zu senken, das mit demjenigen in
kommerziell erhdltlichen Formulierungen vergleichbar ist. In Ermangelung geeigneter Methoden fiir die
Quantifizierung von Abbauprodukten aus Lipidoxidation und -hydrolyse wurden in unseren Laboren
drei Assays entwickelt. Diese wurden so entwickelt bzw. auf unsere Bediirfnisse angepasst, um die
neuen Emulsionen effizient zu charakterisieren, wobei der Schwerpunkt auf der Minimierung des Sub-
stanzverbrauchs und dem Erreichen eines hohen Probendurchsatzes lag.

Radioaktiv markierte Triglyceridmolekiile wurden verwendet um die in vivo-Gewebeverteilung von aus
verschiedenen Olquellen hergestellten Lipidemulsionen zu untersuchen. Je nach verwendeter Olquelle
und dem Verhéltnis von n—6 zu n—3 PUFA wurden unterschiedliche Gewebeverteilungen festgestellt.
Sowohl nach 10 als auch 60 Minuten nach der intravenosen Verabreichung in Mausen wurde die hochste
Aufnahme im Lungengewebe beobachtet, gefolgt von der Aufnahme in der Leber und Milz. Die neu
entwickelten n—3 PUFA-reichen Emulsionen wurden schneller aus dem Blut und Plasma aufgenommen
als die Emulsionen auf Sojabohnendélbasis.
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Wir vermuteten, dass eine Verringerung der Tropfchengrdsse die Aufnahme in die Leber weiter redu-
zieren wiirde. Es wurden mehrere Hilfsstoffe fiir die Herstellung stabiler Emulsionen mit kleinerer
Tropfchengrosse untersucht. Die Verringerung der Tropfchengrosse fiihrte jedoch zu einem Anstieg der
Lipidoxidationsprodukte. Ein Kompromiss zwischen der Verringerung der Tropfchengrosse und der
Bildung von Oxidationsprodukten ergab Formulierungen mit einer Tropfchengrosse von etwa 160-
170 nm. Die kleineren Tropfchengrdssen hatten keinen wesentlichen Einfluss auf das Verteilungsmuster
in vivo im Vergleich zu den entsprechenden Emulsionen mit einer Grosse von 280-300 nm. Dies deutete
darauf hin, dass der Oltyp der Haupteinflussfaktor fiir die Gewebeverteilung ist. Insgesamt konnte die
Machbarkeit der Herstellung von Lipidemulsionen aus einer zusammengesetzten Olmischung, die reich
an n—3 PUFA ist, unter Einhaltung der vom amerikanischen Arzneibuch festgelegten Grenzwerte ge-

zeigt werden.
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1 GENERAL INTRODUCTION

1.1 Parenteral nutrition

Adequate provision with nutrients is crucial for survival to prevent malnourishment or starvation. If
supply with nutrients is inadequate, nutritional support may be needed.! Malnourishment can rapidly
lead to severe consequences up to lethal starvation. Life relies on sufficient provision with external
nutrients, as the human body is unable to self-sustainably generate energy on its own. In certain medical
conditions, this nutritional support cannot be delivered via the oral route to the stomach and digestive
system, but needs to be delivered into the circulatory system directly.” This is then termed parenteral

nutrition (PN); parenteral from Latin, “circumventing the enteral way”.

Inability to swallow alone does not justify use of PN as enteral feeding via a nasogastric tube can still
be provided.® However, if the uptake of nutrients is impaired, either through chronic inflammatory con-
ditions such as ulcerative colitis*, Morbus Crohn, insufficient intestinal length after surgical resection’
or short bowl syndrome, or destruction of intestinal mucosa following cancer therapy®’, provision of
nutrients directly into the blood stream may be necessary. In these cases, duration of use can be persistent
over longer times, but there are also other transient indications. Premature infants do not tolerate enteral
nutrition yet and therefore need nutritional support to ensure adequate supply of essential nutrients for
growth and proper, especially neurological, development to bridge the first few days of life.® Prolonged
use of PN is associated with adverse effects and therefore timely change over to enteral nutrition is

sought 1

Most indications that require long-term use of PN do not require hospital stay. Thus the number of PN
usage is highest in a home parenteral nutrition (HPN) setup. HPN prevalence varies among countries in
western Europe with 5 users per million inhabitants at the lower end in Spain'' to 25.6 per million in
Italy (data from 2005)'? and 26 per million in France' to 53.26 per million in Poland'* up to 80 per
million in Denmark.? In Switzerland numbers of 45 per million inhabitants' are reported (with regional
differences), hence, usage of artificial nutrition support lies at the upper end in Europe'®, but still lower
than the number in the US at 79 per million (data from 2013, with a decline from 157 per million in
1995)."7!¥ The prevalence in children is lower and ranges from 9.6 per million in the Netherlands to 13.7
per million in the UK." Use of artificial nutrition support caused costs of CHF 13’000 per patient and
year in Switzerland'® and € 10’015 in Poland." In a recent report from Switzerland, 16.5% of hospital-
ized patients were identified to be at risk for the development of malnutrition and thus requiring (short-
term) nutritional support, either by parenteral or enteral route.*

Energy can be provided in different forms.?' The most common energy source for nutritional support is
glucose, readily available energy that can easily be prepared and administered, and allows the immediate
control over the body’s energy balance. However, the body cannot survive in a healthy state solely on
glucose, also other essential nutrients need to be supplied. These include lipids and essential fatty acids,
amino acids as well as vitamins and trace elements.”> Amino acids are important building blocks for
protein synthesis, tissue build-up and regeneration as well as muscle growth. They need to be supplied
externally as the body is unable to synthesize all required amino acids on its own.

When all nutrients are provided parenterally, this is termed total parenteral nutrition (TPN)* whereas
PN support in combination with enteral nutrition is referred to as partial PN. TPN admixtures consist of
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all the essential components for a sustainable diet, including sugar, lipids, amino acids, vitamins and
trace elements.

For potential interactions between glucose and amino acids (Maillard reaction), combinations for TPN
are either prepared immediately before use or are provided as 2- or 3-chamber bag system where the
individual components remain separated until mixing in the infusion line.?*** Many studies have been
conducted on the use of different forms of sugar and their metabolic effects, comparing insulin signaling.
This work focusses exclusively on the lipid constituents in PN.

1.2 Lipids and their metabolic effects

Lipids are important constituents of PN admixtures as they possess a high energy density and provide
long-lasting energy.”’” Especially essential fatty acids need to be supplied externally to the body, either
via oral enteral nutrition or by TPN infusion. Essential fatty acids are important constituents, as the body
is unable to synthesize them by itself. The necessary enzymes for generating them are present in plants.?®
Lipids act as important building blocks for hormones and cell membranes, transport fat-soluble vitamins
and also possess functions in cell signaling.?”**** Essential fatty acids are crucially important for proper

neurological development in preterm infants.*'-*

Due to negligible water solubility, lipids are formulated as oil-in-water emulsions for parenteral appli-
cation. Upon administration, intravenous lipid emulsions (ILE) are recognized similarly to endogenous
chylomicrons, whose droplet sizes ILEs mimic.** Triglycerides contained in ILEs are metabolized in a
comparable manner to those stemming from enteric digestion and packaged as chylomicrons.**** Lipid
droplets during their passage in the vasculature acquire apolipoproteins, primarily apolipoprotein E
(apoE).***7 Subsequently, the triglycerides are hydrolyzed by lipoprotein lipase to yield free fatty acids
and 2-monoaclyglycerol.?*® The remaining cholesterol-rich chylomicron remnants are taken up via the
LDL receptor.?® Intracellularly, medium-chain fatty acids can passively diffuse into mitochondria and
are readily available for oxidation to generate energy. Long-chain fatty acids on the other hand first need
to be transformed into acyl carnitines for crossing the mitochondrial wall, before transformation into

long chain acyl-CoA finally also ready for energy-generation by oxidation.

Lipids — commonly referred to as oils, fats or waxes, depending on the aggregation state — exist in
different forms. Typical chemical structures of lipids include triglycerides, phospholipids, fatty acids
(FA), sterols and ceramides to name a few.*’ Triglycerides consist of a glycerol backbone esterified with
three FA chains.?” Naturally occurring triglycerides in general consist of FA chains with an even number
of carbon atoms. The carbohydrate chains can either be fully saturated or partially unsaturated. The term
unsaturated FA is further subdivided into monounsaturated and polyunsaturated FAs (PUFA).* Natu-
rally occurring double bonds are chiefly cis-oriented, trans-fatty acids are mainly of synthetic origin or
a degradation product from industrial processing.*' Unsaturated FAs with chain lengths below 19 carbon
atoms are classified as short chain FAs and unsaturated FAs with chain lengths above 19 carbon atoms
are termed long chain fatty acids.** In the common case of more than one double bond, they are classified
as long chain polyunsaturated fatty acids.*** Most essential fatty acids contain more than 18 carbon
atoms. They cannot be synthesized by human enzymes and thus need to be provided through the diet.
Saturated FAs with chain length of 8 to 13 carbon atoms are referred to as medium-chain FAs* while
saturated FAs with more than 14 carbon atoms are already classified as long-chain FAs. Medium-chain
FAs are metabolically important for rapid delivery of energy. Shorter FA chains are less important for
providing energy, but rather as second messenger for signaling. Unsaturated FAs are further classified
according to the position of the double bond(s).*’ The nomenclature of the double bonds originates from
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counting from the methyl carbon end of the FA tail, called the n-end (or w-end).*> Depending on the
position of the first double bond when counting from the n-end, if it starts at the n—3-position or n—6-

position, the FA is termed n—3 PUFA or n—6 PUFA, respectively. This difference is illustrated in Fig.
1.1.%

O

Fig. 1.1: Structural formula of triglycerides consisting of three fatty acids (FA) esterified to a glycerol head group. Esterified
FAs from top to bottom: A) Linoleic acid (C18:2), palmitic acid (C16:0) and oleic acid (C18:1). The n-position as well as the
position of the first double bond are indicated. Typical triglyceride present in soybean oil. B) Typical n—3 PUFA triglyceride
prevalent in fish oil. FAs from top to bottom: Eicosapentaenoic acid (C20:5), palmitic acid (C16:0) and docosahexaenoic
acid (C22:6). The beginning of the first double bond at the n—3-position of the eicosapentaenoic acid is indicated.

The physiological functions differ between n—3 and n—6 PUFAs.* The position of the first double bond
(seen from the n-end) also influences the physiological response. This distinction is depicted in Fig. 1.2:
n—6 PUFAs such as linoleic acid (LA, C18:2) are converted by three different enzymes to arachidonic
acid (AA, C20:4). n—3 PUFAs, such as a-linolenic acid (ALA, C18:3 n—3) get converted by the same
series of enzymes to eicosapentaenoic acid (EPA, C20:5).* EPA can be further converted to docosahex-
aenoic acid (DHA, C22:6), all while maintaining the position of the first double bond when counting
from the n—end. The change from the n—6 to the n—3 pathway is possible via the enzyme Al5-desatu-
rase. Since this enzyme is only present in plants, dietary intake of either n—6 or n—3 PUFAs automati-
cally determines the metabolic end products in humans.
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Fig. 1.2: Schematic overview of the metabolic pathways of fatty acids. n—6 PUFAs such as linoleic acid (LA, C18:2) are con-
verted by a series of enzymes to arachidonic acid (A4, C20:4). a-linolenic acid (ALA, C18:3 n—3) on the other hand is con-
verted by the same enzymes first to eicosapentaenoic acid (EPA, C20:5) and further to docosahexaenoic acid (DHA, C22:6).
Since the converting enzyme between n—6 and n—3 FAs, A15-desaturase, is only present in plants, the intake of either n—6 or
n—3 PUFAs determines the metabolic pathway. The resulting AA, EPA and DHA further elicit different physiological re-
sponses.

As illustrated in Fig. 1.3, AA, EPA and DHA elicit different responses in the body.** AA mainly triggers
the production of pro-inflammatory markers such as prostaglandins, thromboxanes and leukotrienes and
only to a lesser extent also anti-inflammatory lipoxins.?®*’*! EPA and DHA on the other hand predom-
inantly lead to the generation of anti-inflammatory resolvins, protectins and maresins.**** From the two
key n—3 intermediates, only EPA can be further metabolized to pro-inflammatory prostaglandins,
thromboxanes and leukotrienes, but to a much lesser extent. In summary, intake of high quantities of
n—6 PUFAs leads to a pro-inflammatory reaction in the body, while provision of n—3 PUFAs from a

balanced n—6 to n—3 ratio®®’

can counteract existing inflammations in the body. Through the metabo-
lism described above, also oils originally not rich in AA, but only n—6 PUFAs, can elicit a pro-inflam-
matory response. Of course, the picture is not all black-and-white and we do not want to ban all n—6
PUFAs from the diet.”® Also some n—6 PUFAs such as y-linolenic acid (C18:3 n—6) belong to the es-
sential fatty acids required for a healthy development.”® n—3 PUFAs on the other hand fulfil essential
functions in neurodevelopment, especially important when administering ILEs to preterm infants.*'*
Generally, by fine-tuning the ratio of n—6 and n—3 PUFAs in our diet we can influence the effect on the
body.* In case of normal oral nutrition this usually does not pose a problem as oils from a natural
source usually consist of a broad mixture of FAs of all kinds, long-chained, medium-chained and short-

chained; saturated, monounsaturated and polyunsaturated; n—6 and n—3 PUFAs. However, when relying
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on PN the picture shifts. For facilitating regulatory acceptance, parenteral lipid emulsions usually consist

of only one or two, in rare cases up to four oil sources.®’ The precondition of a broad balance from an

12262

oral diet is then not fulfilled anymore. n—6 PUFAs are most prevalent in soybean oi while n—3

PUFAs are common in oils of marine origin, either fish, krill or marine algal o0il.>*%*8

Inflammation\ /Resolution of\
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docosahexaenoic acid :> E?;Zgi?]ss
(DHA, C22:6 n-3) .
\ Maresins /

Fig. 1.3: Graphical illustration of the physiological response triggered by different intermediates from fatty acid metabolism.
While arachidonic acid (A4, C20:4 n—6) mainly leads to pro-inflammatory prostaglandins, thromboxanes or leukotrienes
and only to a lower extent to anti-inflammatory lipoxins, eicosapentaenoic acid (EPA, C20:5 n—3) and docosahexaenoic acid
(DHA, C22:6 n—3) rather lead to the production of anti-inflammatory markers such as resolvins, protectins and maresins
and only EPA to a much smaller extent also to pro-inflammatory mediators.

1.3 Parenteral lipid emulsions available for clinical use

Most important currently marketed formulations include Intralipid (20% soybean oil), Omegaven (10%
fish oil) and SMOFlipid (6% soybean oil, 6% medium-chain triglycerides, 5% olive oil and 3% fish oil),
all from Fresenius Kabi.®"** Intralipid, based on soybean oil, was the first intravenous lipid emulsion to

4370 and in the US in 1975.°""" First experiments with parenteral lipid

be marketed in 1961 in Europe
emulsions date back to the early 1960s with a patent’? and early reports.” In the initial patent, the appli-
cation was not specified for PN yet, but only as drug delivery vehicle. Already from the very beginning
on also the paediatric population as a field of application was kept in mind.”*”*> More than 50 years ago,
in 1971, first evidence of potential benefits of n—3 PUFAs over use of classical n—6 rich oil sources
emerged.”® About 10 years later, also the reports about adverse effects of parenteral lipid emulsions
started to accumulate and the clinical manifestation was summarized under the general term “intestinal

failure”.”’

In the meantime, more formulations entered the marked, also based on different oil sources (safflower,
olive oil, in combination with soybean oil), but were again withdrawn and by 2010, only Intralipid was
approved in the US.®! In the late 1980s, the use of high-pressure homogenization to produce lipid
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emulsions was described’® but then not much innovation followed until recent years. In 2004, the mixed-
oil formulation SMOFlipid, containing soybean, olive, fish oil and medium-chain triglycerides, was
approved by the European Medicines Agency EMA, but only received US approval in 2016. In 2018
finally, the fully fish oil-based Omegaven gained US approval.® The development of Omegaven was
initially driven to have an alternative in case of patients with severe soy allergy.

The ILEs most commonly used nowadays in the clinics with their respective oil source are listed in Tab.
1.1.2%927 Intralipid, SMOFlipid, and Omegaven are manufactured by Fresenius Kabi (Bad Homburg,
Germany); Lipofundin by B. Braun (Melsungen, Germany) and ClinOleic by Baxter Healthcare Corpo-
ration (Deerfield IL, USA).

Tab. 1.1: Composition and fatty acid characteristics of the most frequently used commercially available ILEs.*®%%7 Abbrevi-

ations: saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA). Amounts in
gram per 100 ml, with relative contribution to the oil phase in % (in brackets). FAs, % of total FAs.

Intralipid Omegaven SMOFlipid ClinOleic Lipofundin
Soybean oil 20 g (100%) 6 g (30%) 4 g (20%) 10 g (50 %)
Olive oil 5g(25%) 16 g (80%)
Coconut oil 6 g (30%) 10 g (50%)
Fish oil 10 g (100%) 3 g (15%)
PUFA 60% 58% 29% 20% 30%
MUFA 24% 26% 30% 63% 12%
SFA 16% 16% 41% 17% 58%
n—6 FA 53% 6-7% 20% 19% 26%
n—3 FA 7.8% 52% 8% 2% 4%
n—6to n—3 ratio 7/1 1/8 2.5/ 9/1 7/1

It is striking how — with the exception of Omegaven — all formulations are highly rich in n—6 PUFAs
and n—3 PUFAs are negligible. When refraining from oil of marine origin, it is indeed challenging to
achieve a balanced n—6 to n—3 distribution. Excessive use of fish oil is associated with the risk of ad-
ministering lipid-soluble environmental toxins that accumulated through the food chain, to already
weakened patients.**5*%#! This is less an issue for plant oil, although there toxins from the soil can end
up in the purified oil as well. Moreover, the use of fish oil is also debated because of potential overfishing
and low yield while using up valuable resources in the fight to feed the global population. The challenge
is thus to find a sustainable, most likely plant-based to also fulfill the need of the growing population
relying on vegan nutrition, oil source rich in n—3 PUFAs. Potential candidates — along with the estab-
lished soybean and fish oil — are listed in Tab. 1.2. Owing to their FA composition, vegetable oils and
fish oil display a distinct pattern of SFA, MUFA and PUFAs.

In our work, we aimed at developing an ILE which combines all the requirements for a healthy (anti-
inflammatory) and environmentally sustainable lipid composition. No single oil source was found to
fulfill all the necessary requirements and therefore a mixture of three oil sources was composed. Half of
the lipid dose consists of Ahiflower oil, the n—3 PUFA-rich oil of Buglossoides arvensis (corn grom-
well). This plant is native in moderate to north temperate regions in Europe (Sweden, Czech Republic,
UK, Switzerland), Asia (India), New Zealand and Canada.?** Along high contents of ALA (C18:3 n—3,
46%) and of stearidonic acid (C18:4 n—3, 20%), it also contains the anti-inflammatory y-linolenic acid
(C18:3 n—6, 5.8%).°%6>8436 Although so far not used in parenteral applications yet, Ahiflower oil was
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shown to be safe for humans and provided a beneficial effect on inflammatory responses after oral sup-
plementation.®**” It is inherently low in phytosterols and should thus pose less risk for the development
of intestinal failure associated liver disease (see below).** Coconut oil with > 80% of C14 and shorter
FAs was added at one quarter to provide short and medium chain triglycerides (MCT)****®® for rapidly
available energy. To provide n—9 PUFAs, the remaining quarter consists of olive oil. The composite oil
mixture now contains plant-based oils with a beneficially low n—6 to n—3 PUFA ratio and all essential
FAs.

Tab. 1.2: Natural oils most frequently used in ILE manufacturing and their relative FA composition in %, alongside with
Ahiflower oil used in this work.??3362848689 The composition of fish oil from menhaden fish is shown.

Fatty acid Soybean Flaxseed Coconut 00 i1 pigh ojy  Ahiflower
oil oil oil oil
Caproic acid (C6:0) 0.5%
Caprylic acid (C8:0) 8%
Capric acid (C10:0) 6%
Lauric acid (C12:0) 48%
Myristic acid (C14:0) 18% 7.3%
Palmitic acid (C16:0) 11% 5.5% 8.5% 13% 16.1% 5.2%
Palmitoleic acid (C16:1 n—7) 0.5% 8.0% 0.1%
Stearic acid (C18:0) 4% 3.5% 2.5% 1% 3.1% 1.9%
Oleic acid (C18:1 n—9) 23% 17% 7% 70% 8.2% 7.5%
Linoleic acid (C18:2 n—06) 54% 15% 1.5% 15% 1.4% 11.8%
a-Linolenic acid (C18:3 n—3) 7.5% 58% 0.5% 0.7% 46.1%
Stearidonic acid (C18:4 n—3) 2.6% 20.1%
Arachidonic acid (C20:4 n—6) 0.4% 1% 1.1%
Eicosapentaenoic acid (C20:5 n—3) 18.0%
Docosapentaenoic acid (C22:5 n—3) 2.0%
Docosahexaenoic acid (C22:6 n—3) 12.8%
Others 18.7%  7.3%
SFA 15% 9% 91.5% 14% 26.5% 7.3%
MUFA 23% 17% 7% 70.5%  22.0%  8.6%
PUFA 62% 74% 1.5% 15.5% 51.5% 84.1%
n—6 FA 544% 16% 1.5% 15% 5.0% 17.6%
n—3 FA 7.5% 58% 0.5% 39.9%  66.2%
n—6 to n—3 ratio 7.25/1  1/3.6 30/1 1/8 1/3.76

Prolonged use of ILEs is associated with inflammatory adverse effects. They not only mean an additional
harm to already suffering patients, but also further increase overall mortality.”® These adverse effects,
collectively termed intestinal-failure associated liver disease (IFALD), present as conditions of the liver
and associated gall bladder/bile duct when PN is used and other causes can be ruled out. IFALD mani-
fests as cholestasis progressing to cholelithiasis, hepatic steatosis inducing hepatic fibrosis, with the
potential of ultimately developing liver cirrhosis.”'®**! Signs of IFALD during TPN therapy are re-
ported to range from 5% up to 40%°'® and even up to 72% if PN had been used for longer than 56 days.**
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In pediatric patients, the incidence is further increased and ranges between 40% to 60%.”'® The etiology
of IFALD is still unknown to date. A genetic susceptibility has been identified as risk factor.”’**** Risk
was increased in case of high infusion rates at > 1.5 g lipids/kg body weight and day.”* *® The strongest
link has been identified with the used oil type'®*>**°!*?: Intralipid is the most prevalently used ILE in
the clinic. It consists of 100% soybean oil and is rich in n—6 PUFAs (Tab. 1.1). Oil sources rich in n—6

)9,45, 100 and

PUFAs (according to the mechanisms shown above and illustrated in Fig. 1.2 and Fig. 1.3
phytosterols’""'%'%? but low a-tocopherol content’**!'® have been shown to promote the development

of IFALD.

Apart from IFALD, unknown effects on the intestinal microbiome can occur, when the gut is abstained
from nutrients and dietary fibers for longer times.'®'!! The fish oil-based — and thus n—3 PUFA rich —
commercially available Omegaven and SMOFlipid were shown to elicit less inflammatory adverse ef-
fects.*®!"*" 118 Many clinical studies have been conducted to compare Intralipid and Omegaven with di-
verse outcomes. In larger meta-analyses, a slight benefit of using Omegaven has been found.***!" Use
of n—3 PUFA containing ILEs instead of the traditional n—6 PUFA formulations in acute settings short-
ened the length of hospital stay and thereby also the costs.'?*"'?* This demonstrates the importance of
reducing the harm to these patients and also the healthcare costs by developing improved formulations
for PN.

Broad use of Omegaven however also comes with issues; on the one hand the oil source is not sustain-
able (see above), on the other hand this formulation only contains 10% oil. This becomes a problem in
a setting where the patient relies on TPN, since to fully administer the required amount of oil calories
and essential fatty acids, the required volume of ILE must be doubled. In a TPN setting, when fluid
overload is already an issue, this makes the situation even worse.'** Developing an ILE for PN based on
plant-derived oil sources rich in n—3 PUFAs eliciting less inflammatory adverse effects posed the start-
ing point of this project.

1.4 Principles of lipid emulsions

Parenteral delivery of lipids to patients is associated with some challenges. Lipids are not soluble in the
aqueous environment of the blood.'*>'* Instead, direct injection of oil into the blood stream would lead
to fatal clogging of the vasculature and lipid embolisms.”*'*"'*® To mediate the delivery of lipids and
essential fatty acids they need to be formulated as an emulsion with the help of surfactant molecules, as
depicted in Fig. 1.4.?® Surfactants lower the surface tension and allow then miscibility with an aqueous
outer phase.'?”'* The stability of the formulation depends on the dosing of the surfactant relative to the
inner lipid and outer aqueous phase, but also the input energy.'>>"**"*2 Emulsions can be manufactured
by different means, simple shaking as in the example of French salad dressing, the simplest lipid emul-
sion commonly known from household. For improved stability, a higher energy input is needed and thus

methods such as high-shear mixing, ultrasonication or high-pressure homogenization are favored.'**'**

For this project, mainly high-pressure homogenization was employed. Emulsions are subjected to high
pressures and resulting shear forces lead to a reduction in droplet size. Typical values range from around
800 bar up to 2000 bar (10°000-30°000 psi).”®'** When preparing emulsions by high-pressure homoge-
nization, the stability of the produced emulsions depends on the composition and the energy input. The
higher the content of surfactant or surfactant-to-lipid phase ratio, the more stable the resulting formula-
tion."*”1¥ On the energy side, the stability is improved by increasing the process pressure or by subject-
ing the emulsion to the shearing for several passes.”®'3*'*! For efficient manufacturing, the typical num-
ber of passes ranges between three to twelve passes. Above this, over-processing is possible, so that the
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balance of the system is destroyed and the phases separate.'*® Over-processing is irreversible, once a
stable formulation has been processed too much, it is impossible to achieve a stable formulation again.

It is thus crucial to determine an adequate number of passes in pilot experiments.

Fig. 1.4: Graphical representation of a lipid droplet in an aqueous continuous phase. Surfactant molecules (in the drawing
phospholipid molecules) engulfing the lipid core with triglyceride molecules for illustration. Cross-section of a spherical li-
pid droplet, not drawn to scale; the number of triglyceride molecules exceeds the number of phospholipid molecules.

The process pressure is generated by pressure-multiplication of input air at a pressure of 7-10 bar. This
input air is directed at a T-shaped plate so that the input pressure acting on a large surface is multiplied
on a much smaller area and thus multiplied manifold. Depending on the ratio between the diameter of
the input area and the output area, multiplication factors between 150 up to 300 are possible. Once the
maximum pressure on the product side has been reached, the plunger moves backwards.'** Afterwards,
the processed emulsion is fed forward and the pressure is released. Then again incoming air on the input
side builds up the pressure for the next stroke. This process is repeated as required. The input air flow
determines the stroke frequency and in turn also the sample throughput within a given time. The input
air pressure can either be generated externally, the machine is then powered by centrally generated high-
pressure air from the building air supply (or central compressor), or the machine can generate the input
air pressure by itself using a built-in compressor.'* This comparison is summarized in Tab. 1.3. In the
first case, the operation principle of the machine is termed pneumatically-driven, while in the second
case it relies on a power supply and is thus electrically-driven. For a pneumatically-driven machine, the
maximally available input air pressure and flow are the limiting factors determining the process pressure
and sample throughput, while for the electrically-driven machine it is the output specifications of the
compressor. While both types of machines were evaluated in the course of this project, due to insuffi-
cient high-pressure air supply in our laboratories, we decided to acquire an electrically-driven machine
for our purposes.

The high process pressure is used to accelerate the coarse emulsion. The emulsion is fed into a reaction
chamber (also termed interaction chamber, IXC, for different suppliers) where the emulsion is exposed
to shear forces leading to a size reduction.'?3*!%1% Again, two main principles exist. For Y-type re-
action chambers the liquid flow is split up into two paths that are then directed at each other can, thereby
effectively doubling the shear forces. Later, the combined fine emulsion is fed through an optional cool-
ing unit to account for the formed heat of compression to the outlet. The principle is illustrated in Fig.
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1.5. The process can be repeated for a next pass if necessary. Different lengths of cooling coils exist
where the product is chilled for varying durations, but the cooling can also be completely omitted if the
product is not heat-sensitive. By changing the temperature of the cooling medium, the cooling efficiency
can further be influenced. The Y-type is preferentially used in the manufacturing of emulsions. For other
applications such as cell disruption, Z-type reaction chambers are used (Fig. 1.5).'

l I homogenized
fine emulsion
NN N o
> == == —>
N

coarse pre-mix I l to cooling unit

A

B
homogenized
fine emulsion
H D | ulsi
. \
coarse pre-mix to cooling unit

Fig. 1.5: Graphical representation of the two most frequently used mechanisms in the reaction chamber of the high-pressure
homogenizer. A: Working principle of a Y-type reaction chamber. The coarse emulsion is fed in from the left side (orange
arrow). The liquid flow is split up and re-directed towards each other. The resulting shear forces lead to a droplet size reduc-
tion. The resulting fine emulsion is guided to a cooling unit (orange arrow on the right) before a potential second pass.

B: Working principle of Z-type reaction chamber. The coarse emulsion is fed in from the left side and encounters a first im-
pact at the first right-angle turn, followed by a second impact after a short acceleration distance. The homogenized fine
product is then guided to the cooling unit.

Here, the product is accelerated and shot against the wall, before taking a right-angle turn and a second
impact. Afterwards, also an optional cooling unit can follow before a potential repetitive cycle. The
sudden drop from the process pressure of up to 2000 bar back to atmospheric pressure can be quite
abruptly and some products might be sensitive to this stress. When using a longer cooling coil, the
pressure drop is alleviated through the length of the cooling coil. To further account for this, in some
setups a backpressure module is inserted between the reaction chamber and the cooling unit to apply a
certain pressure from the back and further modulate the pressure drop.'*”'*® A backpressure module is
built relatively easy, it just consists of narrow paths for the product so that parts of the high process
pressure are preserved instead of being released immediately. The models Microfluidizer M-110Y (Ce-
ramic Auxiliary Processing Module; Microfluidics, Westwood MA, USA) and ShearJet PL300

(200.2 L; Dyhydromatics, Maynard MA, USA) are by default equipped with a backpressure module.
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Tab. 1.3: Comparison of pneumatically- and electrically-driven high-pressure homogenizer working principles (A) and side-
by-side comparison of Y-type and Z-type reaction chamber types (B).143143

A
Working principle Pneumatically-driven Electrically-driven
Relies on Input air Electrical power supply

Generation of process pressure

Commercial examples evalu-
ated in this project

(800-1200 1/min at 7-10 bar)

Pressure-multiplication of input
air from central building air
supply or air compressor

Microfluidizer M-110Y, LM10
Dyhydromatics ShearJet PL60,
ShearJet PL300

Generated by built-in compres-
sor

Microfluidizer LM20
Dyhydromatics ShearJet HL60

B

Reaction chamber type

Y-type

Z-type

Working principle

Commercial examples evalu-
ated in this project

Flow is split up inside the reac-
tion chamber and shot against
each other, thereby effectively
doubling the resulting shear
forces

Microfluidics F20Y, F12Y
Dyhydromatics 75.1 T

The product is shot against the
wall of the reaction chamber
two times

Microfluidics H30Z
Dyhydromatics 75.3 T

In the early phase of this project, a third supplier of high-pressure homogenizers with a slightly different

working principle was evaluated. Avestin Emulsiflex C5 works with a static homogenizing

valve.'?%!%1% The machine is pneumatically-driven and the coarse emulsion is accelerated by the same

principle as above. The mechanism of the size reduction is different from those presented in Fig. 1.5 and

Tab. 1.3 and illustrated in Fig. 1.6. A valve creates a small slit where the coarse emulsion is pressed

through. This also leads to a size reduction, although less energy is introduced than in the above de-

scribed systems, and the size reduction thus is less sustainable. Since droplets are only compressed,

subsequent particle maturation is likely. By applying varying pressure from the product outlet side, the

width of the slit and thus the size reduction can be regulated. A too narrow slit on the other hand easily

leads to a clogging of the machine. In the standard setup, no cooling option is implemented for the

Emulsiflex C5.
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Fig. 1.6: Cross-section through a static homogenization valve to illustrate the working principle. The coarse pre-mix is fed in
from the left and by applying a pressure pushed through a narrow slit, leading to a reduction of the droplet size. The width of
the slit is regulated by applying varying pressure from the opposite side on a valve (depicted in dark grey). The resulting fine

emulsion is guided to the outlet for a second pass.

1.5 Surfactants in lipid emulsions

Water and lipids inherently do not mix. It is energetically more favourable for the two phases to stay
separated and form hydrogen bonds and Van-der-Vaal’s interactions respectively among themselves.
To mediate a mixture of these two immiscible phases surfactants are needed.'”’” Surfactants are surface-
active substances lowering the interfacial tension. With the help of surfactants, it becomes energetically
possible for the two phases to mix. Surfactants for the manufacturing of emulsions are amphiphilic mol-
ecules that are miscible with both phases and can thus act as spacer in between.'*'*” They thus consist
of a hydrophilic part that often is also able to be charged, depending on the pH of the aqueous environ-

ment, and a longer apolar chain. Commonly used substances are sucrose esters'>'"!>?

or phospholip-
ids."**!** When used synergistically in combination, they are referred to as co-surfactants. Also proteins
can be used as emulsifiers to form an emulsion, as for example casein stabilizing the lipid droplets in
cow milk.">>">7 The nature of the produced emulsion can be influenced through the choice of the nature
of the surfactants and the volume-ratio between aqueous and lipid phase. Surfactants are classified ac-
cording to the hydrophilic-lipophilic balance (HLB-value), a measure for the likelihood how well the
surfactant distributes into either the aqueous of lipidic phase.'** ¢! It is a dimensionless number between
0 and 20 and reflects the ratio of hydrophilic to total molecular weight (to be precise, 1 minus fraction
of molecular mass of lipophilic parts and total molecular mass). Choosing surfactant(s) with HLB-values
above 8 and using more water than oil in general yields oil-in-water (o/w) emulsions where lipid droplets
are dispersed in a continuous aqueous phase. Lipid emulsions with an aqueous outer phase (o/w-emul-
sions) are relevant in the context of intravenous application, as only these fulfil the criteria of an outer
phase that is compatible with the circulatory system. Choosing surfactants with HLB-values of 4-6 and
more oil than water yields the opposite case, that water droplets are dispersed in a continuous lipid phase

) 162

(water-in-oil, w/o-emulsions These are more relevant for topical applications.
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Sucrose esters consist of a sugar moiety that is esterified once (Tween and some Span variants) or several
times (some Span variants) with fatty acids of different chain length via a hydroxyl group.'"*'** In the
case of Tweens, the sugar moiety is further conjugated with chains of repeated units of polyethylene
glycol of varying length. Phospholipids consist of two fatty acids that are esterified with a glycerol
backbone.'>* Instead of the third fatty acid in case of a triglyceride, phospholipids contain a phosphate
head group with different functionalities. The most common form naturally occurring in egg yolk is a
choline moiety, but also ethanolamine, a serine residue and inositol are possible. Phosphatidylcholine
contains two charges in the head group, a negative from the phosphate group and a positive from the
quaternary nitrogen of the choline group, further facilitating miscibility with the aqueous continuous
phase while remaining a net neutral molecule at physiological pH. In this project, phospholipids from
various sources were studied, including phospholipids derived from egg yolk, or isolated from plant

sources such as soybeans, sunflower and rapeseed.
1.6 Clinical aspects and pharmacopoeial requirements for parenteral lipid emulsions

TPN admixtures are administered via a central venous catheter directly to a central vein, for example
the right subclavian vein.”**'®* Smaller doses of ILEs when used as drug vehicles can also be adminis-
tered to peripheral veins. Still, for easier handling, also TPN administration occurs through a peripheral
access point, but that is then connected to a peripherally inserted central catheter so that the administered
TPN admixture only comes into contact with the blood in a large central vein.>'*'%"1% As TPN admix-
tures are administered directly to the blood stream, stricter requirements for droplet size and pH-value
apply than for e.g., intramuscular injections. Moreover, also the continuously administered high dose of
emulsion demands a strict evaluation of the ingredients and final formulation. In an acute setting, for
the provision of adequate calories via TPN, up to 2500 ml total volume need to be administered daily
for adult patients (350-875 ml ILE for a 70 kg adult patient).>'%” This high volume means additional
stress for the patients’ vasculature and thus a high nutritional density is favoured to lower the volume.
Chronic fluid overload when TPN is administered over longer periods can lead to chronic hypertension
and damage the heart muscle.'** Additionally, increasing infusion speed is further promoting inflamma-
tory adverse effects and thus needs to be limited. Thus, often intermittent infusion — which would give
conscious patients more freedom to regularly disconnect from the dosing unit for longer time periods —
of TPN is not possible as otherwise the required caloric requirements cannot be met. Further require-
ments for ILEs are set by the different pharmacopoeial monographs.'®*!® The pH value is tolerated
between 6.0 and 9.0, but for a large-volume infusion is preferred to be close to that of the blood around
7.4 to prevent irritations and promotion of inflammation. For improved stability of ILEs a higher pH
above pH 8.5 would be favourable for a {-potential above |35| mV (in general below -35 mV).!3%!170:17!
The {-potential is pH-dependent as the pH value of the emulsion affects the charge of the head group of
phospholipid molecules and potentially present free fatty acids (FFA) at the lipid droplet surface. When
the pH drops below the pKa of the surfactants, in our case phosphatidylcholine, phosphatidylethanola-
mine and potentially FFAs, the stabilizing partial charge of the head group and in turn also the repulsive
forces are lost.!”? This no longer prevents droplets from getting in close contact, ultimately leading to
particle maturation and phase separation. The native pH of ILEs directly after manufacturing, depending
on the used phospholipids, was between pH 4 and 5 in our preliminary studies. In particular at low

infusion speed (typically around 1-2 ml/min)'”

compared to the large volume of the blood of around
5 liter (for a 70 kg adult), the blood possesses a certain buffering capacity. But once again, through the
large volume this cannot be exploited infinitely. At the site of the infusion the local buffering capacity

might be exhausted much earlier. Measuring the pH of lipid emulsions can be challenging. In the lipid
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part, no pH is defined, as for energetic reasons no H" atoms will be present there, but all H" are in the
aqueous continuous phase. In the outer phase, viscosity might be increased because of the emulsion’s
droplets. An increased viscosity in turn means a reduced ion mobility, so that a reliable pH measurement
can be time-consuming.

Since ILEs and TPN admixtures are administered directly to the blood stream, it is crucial that these
formulations are not immunogenic, are sterile and endotoxin-free to not cause sepsis.'®® In order to ob-
tain sterile formulations, emulsions are steam-sterilized by autoclaving at elevated pres-
sure, 3314114917017 Thiq thermal stress leads to a drop in pH, most probably mediated through the gen-
eration of FFAs by triglyceride or phospholipid hydrolysis, and thus prior to autoclaving the pH is ad-
justed to pH 8.5, so that the final pH ends up around physiological pH of 7.4. Adjusting the pH with
sodium hydroxide also ensures proper {-potential to prevent phase separation when the stabilizing effect
is lost. Because of the average droplet size of standard lipid emulsions at around 300 nm, sterile filtration
through a 0.2 um filter is not possible. Alternative modes of sterilization without a thermal stress such
as ethylene oxide gassing or y-irradiation were not possible for our low batch sizes. Endotoxins cannot
be inactivated by sterilization and would be challenging to remove. Thus, introduction of endotoxins
needs to be prevented by proper processing (“Quality by design” approach). Similar to the sterility, it is
better to prevent a high bioburden already in the beginning rather than needing to tackle the challenge
afterwards. Sterility (membrane-filtration method, Ph Eur 2.6.1)'” and absence of endotoxins (gel-cloth
method, Ph Eur 2.6.14)'7¢ was tested at the FDA-approved lab Bioexam (Lucerne, Switzerland). Be-
cause of the cost for this analysis and no anticipated effects on other parameters (not affecting physical
or chemical stability), this analysis was only performed for batches intended for in vivo application. For
in-house determination of endotoxins, a commercial kit based on the gel-cloth method was utilized
(GenScript ToxinSensor™ Single Test Kit, Cat. No. L00450). Although the gel-clot assay is not the
gold-standard, the chromogenic assay is not possible due to the opacity of the emulsion.'”” This is a
common issue in the quality control of lipid emulsions. Through the high lipid concentration (10-20%)
and the droplet size > 100 nm, there is interference with the wavelength of natural sunlight, the light is
diffracted at lipid droplets and the emulsion occurs white-opaque. This in turn renders all optical deter-
mination methods ineffective, as all light transmission is reduced, not just of a specific wavelength.
Normally, absence of visible particles needs to be tested for all injections, but this is not possible here
because of the opacity.'”® Dilution of samples is often not possible, as then also the concentration of the
analyte of interest (in this case potential endotoxins) is diluted and may end up below the limit of detec-
tion of the assays when finally a sufficiently transparent sample compatible with a spectrophotometric
determination method has been reached.

The next parameter to be considered is the osmolarity.*!**!” This is not specifically stated by the phar-
macopoeia, but still is an important parameter when considering the high applied volume as well long-
term continuous use. Iso-osmolarity with the blood at around 280 mOsm/kg is important to prevent
haemolysis. To render ILEs iso-osmolar, glycerol is added.*'” For the preparation of ILEs in this pro-
ject, the amount of glycerol needed to achieve iso-osmolar ILEs was calculated based on the sum of all

low-molecular aqueous-soluble solutes'®%!*!

and added accordingly to the ILE. Compliance with iso-
osmolarity with the blood was not tested for all ILE batches because they often are not administered
alone, but mixed with other constituents (glucose, amino acids, electrolytes, vitamin solutions) prior to
administration, changing the osmolarity again. The reason for the osmolarity not to be limited specifi-
cally in the pharmacopoeia is that the other constituents of TPN admixtures, 70% glucose and concen-

trated amino acid solutions are inherently hyperosmolar. Again because of avoiding fluid overload
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syndrome, these preparations cannot be diluted further. So, prevention of haemolysis is another reason
to limit the infusion speed to prevent local adverse reactions from happening. Haemolysis as a conse-
quence of inadequate osmolarity or arising from toxic excipients was tested by incubating selected ILE
batches intended for in vivo experiments with human blood from donors. This was not required from the
pharmacopeia but as an effective mode of detecting adverse effects prior to administration.

Although not explicitly specified, the viscosity of the emulsion to be administered needs to be consid-
ered.'*!%71% It needs to be possible to infuse the emulsion at the intended 1-2 ml/min through the cor-
responding needle diameter (18-20G for human application). The emulsion needs to rapidly disperse
after getting in contact with the blood rather than clumping together.

The droplet size of emulsions intended for intravenous application needs to be carefully controlled to
avoid lipid embolism. The USP limits the average droplet size at 500 nm and also limits the number of
particles above a diameter of 5 pm at 0.05% (PFATS)."3%1¢%1¥5:18¢ I our case, the average particle size
was determined by dynamic light scattering (DLS).'*”!®® DLS is the method of choice for determining
the size of droplets up to 1000 nm.'® It is based on the diffraction of laser light on the individual droplets
and from the movement of particles caused by Brownian motion. The software back-calculates the sed-
imentation coefficient and finally using Stokes-Einstein equation, the droplet diameter is calculated.'™®
Lipid emulsions do not uniformly consist of droplets of a single size, but a distribution with a certain
width. Sometimes, samples can be polydisperse (several size populations), that do or do not overlap.
Based on the theory used for the evaluation of size measurements, an intensity, volume or number-
weighted average is calculated.'® For intensity-weighing (based on the intensity of the refracted light,
according to Rayleigh theory proportional to size to the power of 6; used by default when reporting Z-
average mean diameters from DLS) a few particles much larger than the rest can have a major influence
on the reported value. Number-weighted results may better reflect the proportions of a certain size pop-
ulation. Volume-weighted results may be used when information on the mass percentage of the popula-
tions are needed to calculate appropriate dosing volumes. Besides the average droplet size, the polydis-
persity index (PDI) is reported. This is a dimensionless number between 0 and 1 and a measure for the
broadness of the distribution (squared standard deviation divided by the corresponding squared mean
size, assuming a normal (Gaussian) intensity distribution)."®® A value close to 0 means an almost uni-
form, homogenous monodisperse distribution, while values above 0.5 usually indicate a broad size dis-
tribution or the existence of several size populations. We aim at manufacturing emulsions with a PDI
< 0.1 at the time of manufacturing. An elevated PDI can be an early sign for susceptibility towards
particle maturation and phase separation. DLS assumes a spherical droplet shape and thus is not suited
for rod-shaped particles. This however is more an issue for crystals rather than lipid droplets. For lipid
droplets, a sphere is the energetically most favoured shape and thus usually adopted.'”® Sphericity can
be confirmed by scanning electron microscopy (SEM)."”'"!** SEM also allows to ensure the absence of
particles with droplet sizes above the measuring range of DLS above 1000 nm. In contrast to DLS, for
SEM the droplet size distribution needs to be manually evaluated and the sample preparation process is
much more complicated. Samples need to be shock-frozen and cracked in order to be imaged. The costs
are higher and the throughput is lower.

The droplet size not only needs to comply at the time of manufacturing, but throughout the whole shelf
life. The physical stability, how long the droplet size stays within the compendial limits, is taken into
consideration when defining the shelf life. Stability monitoring is carried out throughout a certain period
until either onset of physical or chemical degradation is detected. A degradation mechanism occurring

early is flocculation when droplets aggregate, but remain separated.'®>'?6!3116L162 Eollowing
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flocculation, droplets in close proximity can fuse to single larger droplets in a process termed coales-
cence. Size-increase can also happen via a second process called Ostwald ripening when unequally sized
particles, for example stemming from insufficient homogenizing during manufacturing, get in close
contact and transfer some of the material. This results in a larger droplet and the originally smaller
droplet further decreases in size. In contrast to coalescence, the two original droplets remain separated
which further promotes the process. At some point, creaming happens, that larger lipid droplets migrate
to the surface because of the lower density than the surrounding continuous aqueous phase. Through the
missing repulsive forces from equally-sized, equally charged neighboring droplets, they are not kept in
balance anymore, but float towards the surface. The density difference between the two media and the
viscosity of the outer phase determine how fast this process occurs. Ultimately the emulsion breaks into
a biphasic system, with the lipid and aqueous phase separated, and a monolayer of surfactants along the

interface.

Next to the physical stability, the quantification of oxidation products is also an important quality pa-
rameter. These parameters are not set by the pharmacopoeia, only some general requirements are stated
for raw oils mainly intended for the preparation of semi-solid dosage forms such as creams and oint-
ments (Ph. Eur. 10.8 chapter 2.4.19-23, .29, .31, .32; respective monographs of raw oils). However,
when lipid emulsions are intended to be given to weakened patients, precaution should be taken to avoid
further harm from oxidation products. Oxidized lipids on the one hand cannot fulfil their intended func-
tion as essential fatty acids anymore, but also cause further harm to the vasculature and promote inflam-

matory side effects.'?>!?

Unsaturated lipids are susceptible to oxidative degradation. Double bonds can be attacked by radicals
and atmospheric oxygen.'”” Via a chain reaction depicted in Fig. 1.7, primary, secondary and tertiary
oxidation products result.'”®2% The process is described by three main phases, namely initiation, prop-
agation and termination. Radicals generated via diverse other pathways, either by photolysis or high
energy from the manufacturing process with susceptible components of the formulation, react with elec-
tropositive hydrogen atoms of unsaturated lipids, producing lipid radicals.**'**? Transition metal ions
either natively present in the oil or introduced from the processing (purification or emulsion manufac-
turing) may promote this process by acting as catalysts.”** This initiates the oxidative degradation. These
unstable species rapidly rearrange to conjugated dienes.’”> Conjugated dienes can be measured and
quantified, but usually are transient and short-lived.”** "7 Lipid radicals can further attack remaining
intact lipids and thereby promote the oxidative degradation (propagation of the chain reaction). Molec-
ular oxygen species present from the atmosphere can attack the lipid radical, yielding the lipid peroxyl
radical that in acidic environment (presence of free H" atoms) quickly associates to the primary oxidation
product lipid hydroperoxide. This reaction occurs in the presence of free H" atoms, i.e. preferentially at
the interface between the aqueous continuous and the lipidic phase.?**?®*2!! For energetic reasons,
charged atoms rarely occur inside the lipid phase. This explains another phenomenon: For a fast reaction,
molecules need to get into contact. A smaller droplet size at equal lipid volume yields a largely increased
surface with more potential for reactive interactions, further leading to the accelerated degradation of
lipids at higher surface areas.’”*'*?2'* Loss of the radical position terminates the chain reaction and
slows down the rate of the degradation reaction. Under continuous contact with free protons, but slower
this time, the reactive hydroperoxide is reduced to the alcohol form. The resulting lipid hydroxide rep-
resent the secondary oxidation products that can be quantified. The degradation process is not finished
there yet, but can carry on further to tertiary oxidation products. These are less well-defined and struc-

turally more diverse.
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Fig. 1.7: Degradation pathway of polyunsaturated lipids. In the presence of radicals, a hydrogen atom gets abstracted, lead-
ing to a lipid radical that quickly rearranges to a conjugated diene. The radical position is instable and can be attacked by
atmospheric molecular oxygen to form the lipid peroxyl radical that in acidic environment (presence of free H" atoms)
quickly associates to the primary oxidation product lipid hydroperoxide. Over time and in aqueous environment, i.e. prefer-
entially at the interface where lipids can get into contact with charged hydrogen atoms, the reactive hydroperoxide is re-
duced to the alcohol lipid hydroxide. Lipid hydroxides reflect the species secondary oxidation products. Degradation is not
finished there but can go on to further tertiary oxidation products, more diverse in structure and less specific.'*%2%

The oxidative degradation can be reduced by either optimizing the manufacturing process or by adding
suitable excipients to the formulation. Such excipients interfere with one step in the generation of lipid
oxidation products and thereby help to lower the oxidation.?'> They can include chelator substances,
e.g., EDTA, to scavenge transition metal ions or antioxidants, for example a-tocopherol.
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1.7 Aims of the project

Prolonged use of lipid emulsions in life-saving PN therapy is associated with considerable adverse ef-
fects, primarily of inflammatory nature. Several causes have been proposed, including the oil type and
— associated with that — a high ratio of n—6 PUFA to n—3 PUFA, a high phytosterol content in plant-
based lipids, a low a-tocopherol content, as well as an unfavourable tissue distribution with a high uptake
in the liver. Available alternative formulations still come with drawbacks, including the non-sustaina-
bility and risk of exposure to lipid-soluble environmental toxins accumulated in fish oil. The overall
goal of the present thesis is the development of sustainable lipid emulsions with less inflammatory ad-
verse effects.

We were challenged with the lack of suitable assays for the quantification of lipid oxidation products in
the lipid emulsions. A first aim was to adapt available methods to allow routine quantification of primary
and secondary oxidation products in our own and reference emulsions. We aimed at low sample con-
sumption, high sample throughput and good reproducibility. The adaptation of suitable methods to fit
our needs is described in Chapter 2, “Quantification of Lipid Oxidation Products in Lipid Emulsions
Requiring Minimal Sample Volume”.

FFAs liberated by hydrolysis of triglycerides or phospholipids are limited by pharmacopoeial specifica-
tions. Compliance is especially crucial when using lipid emulsions in preterm infants. Excess FFAs bind
to albumin and compete with the binding of bilirubin. Hyperbilirubinemia can lead to severe conse-
quences from jaundice up to neurotoxicity. Chapter 3, “Determination of Free Fatty Acids in Lipid
Emulsions by Fluorescence-Detection Based High Performance Liquid Chromatography” covers the
development of a HPLC method based on fluorescence labelling for free fatty acids for quantification
and thus ensuring compliance with pharmacopoeial standards.

We hypothesized that by exchanging the established soybean or fish oil in currently marketed lipid
emulsions with a composite plant-based oil mixture rich in 18-carbon n—3 PUFAs and low in phytoster-
ols, we could obtain formulations eliciting less inflammatory adverse effects. Chapter 4, “Excipient
Screening for the Development of Lipid Emulsions based on Vegetable Oils Rich in #—3 Polyunsatu-
rated Fatty Acids”, is dedicated to the development of new lipid emulsion formulations based on n—3
PUFA rich oil sources. This includes the evaluation of excipients to limit the lipid degradation and the
in vivo tissue distribution of radio-labelled lipids included in test emulsions.

Chapter 5, “Engineering of Lipid Nanoemulsions at Low Surfactant Concentrations Stabilized by High
Contents of Glucose”, covers the development of formulations with modified lipid droplet size and the
effect of droplet size on the in vivo tissue distribution. Liver steatosis is a common adverse effect of
ILEs resulting from lipid accumulation in the liver. We hypothesized that beside the oil type, the droplet
size affects the lipid tissue distribution. We aimed at modifying the lipid droplet size of our n—3 PUFA
rich formulation and studied the effect on tissue distribution in vivo.

The new n—3 PUFA rich oil source is highly susceptible to lipid oxidation. Apart from adding counter-
acting excipients (Chapter 3), we aimed to reduce the oxidation by optimizing the manufacturing pro-
cess. Our efforts and the observed influences are described in Chapter 6, “Identification of Optimal
Manufacturing Setup for the Production of Lipid Emulsions by High-Pressure Homogenization with
Minimal Oxidation Products.”

Together, all listed studies aimed at searching for an improved lipid emulsion eliciting less inflammatory
adverse effects than commercially available formulations, with the potential to shift paradigms in clini-
cal use of ILEs.
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2 QUANTIFICATION OF LIPID OXIDATION PRODUCTS IN LIPID
EMULSIONS REQUIRING MINIMAL SAMPLE VOLUME

Gregory Holtzhauer, Ana Curavi¢, Thushanthini Vilvalinkam, Selina Lehner, Jovana Radonjic, Jonas
Bossart, Tino Delaloye and Stefanie D. Krdmer
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development of the mFOX assay; Jonas Bossart was involved in the initial evaluation of the pAV assay;
Tino Delaloye performed experiments in relation to the luminescence assay. Stefanie D. Krdmer super-
vised the work.
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2.1 Introduction

Intravenous lipid emulsions are indicated in conditions or diseases where patients are already weakened
and do not tolerate further harm to their health.?'*2'® The regulatory bodies generally account for that
by setting strict guidelines before approving medical products for clinical use and implementing quality
parameters in the pharmacopoeias.?'® For lipid emulsions, only general requirements exist: The mean
droplet size (< 500 nm) as well as the fraction of large particles (droplets larger > 5 pm must not exceed
0.05%) are limited.'® Besides that, also the pH-value (6.0-9.0) and the amount of free fatty acids
(<0.07 mEq per gram oil) are restricted.'® However, no requirements with regard to lipid oxidation
products exist. Lipid emulsions contain a large fraction of unsaturated fatty acids to maintain the health
of the patients and provide essential fatty acids. Intralipid and Omegaven, the two most prevalent lipid
emulsions used in clinics, both contain 84% of either mono- or polyunsaturated fatty acids (PUFA, see
Tab. 1.1 in the General Introduction). PUFAs in turn are prone to lipid oxidation.*** Via a chain reaction,

displayed in Fig. 1.7 in the General Introduction, lipid hydroperoxides and hydroxides are formed.'*®

Lipid oxidation products are harmful as they can impair membrane function and damage proteins and
DNA.??%2% For pure oils, the pharmacopoeias have set mandatory test for the quality control with spe-
cific limits, including the iodine value (determining the degree of unsaturation, Ph Eur 2.5.4%*°; USP
(401) Fats and Fixed Oils**®) and peroxide value (measure of lipid hydroperoxides, Ph Eur 2.5.5).*” For
processed oils in finished products such as emulsions, however, no corresponding limits are set. We
found that the manufacturing process of emulsions has a major detrimental influence on the lipid oxida-
tion (see Chapter 6, “Identification of Optimal Manufacturing Setup for the Production of Lipid Emul-
sions by High-Pressure Homogenization with Minimal Oxidation Products”), therefore, quality control
of the pure oils prior to processing does not adequately reflect the condition one faces later in the finished
product that is administered to the patient. For the quality control of oils in emulsions, different chal-
lenges are present than when testing pure oils alone where large quantities are available. When setting
up the pharmacopoeial methods for the quality control of oils, primarily oils for topical large-volume
preparations such as creams or ointments had been in mind. For the titrimetric determination of iodine
value and peroxide value, larger quantities (5-10 g of oil for a single, destructive measurement) are
requested, but also easier available from such preparations.

When keeping the chain reaction of the lipid oxidation in mind, it is apparent that it is not sufficient to
quantify a single species of lipid oxidation product due to the degradation dynamics.”?® A single meas-
urement is only able to reflect part of the situation. A low value of primary oxidation products can either
imply acceptable product quality and that few lipids have been oxidized so far. On the other hand, it can
also stem from all the formed primary oxidation products already being further reacted to secondary and
subsequent oxidation products. It is thus impossible to draw the correct conclusions from a low primary
oxidation value, unless also subsequent oxidation products are quantified.

Though various assays have been reported in literature, none of them fully satisfied our needs. The
challenges involved in the development or adaptation of assays for the quality control of oils in lipid
emulsions are described in this chapter along the steps we took to overcome the limitations. Our goal
was the development of operator-independent measurements, yielding reliable/reproducible data from
minimal sample amount (low sample consumption). In early stages of formulation development, the
available sample volume is low and measurements need to be fast (high sample throughput) to incorpo-
rate the findings in the design of subsequent formulation to enable an efficient formulation development
process. Apart from the lack of defined thresholds by the pharmacopoeias, in an academic setting limited

20 | CHAPTER 2



to preclinical in vitro and small animal in vivo trials, the offered design space is broader and more as-
sumptions are tolerated compared to clinical application in patients. All values determined critically rely
on the method with which they have been assessed. It is thus possible to develop our own assays and
adapt them specifically for our needs, as long as we only compare them among ourselves and properly
describe how the values were assessed. In the absence of specific threshold values set by the pharmaco-
poeia, benchmarking to commercially available lipid emulsions approved for clinical use was employed.

This chapter is limited to the development of assays for quantification of lipid oxidation products. The
quantification of hydrolysis products (free fatty acids) is described separately in Chapter 3, “Determi-
nation of Free Fatty Acids in Lipid Emulsions by Fluorescence-Detection Based High Performance Lig-
uid Chromatography”. In the following, the most important established assays with their individual

working principles and limitations are reviewed.

General limitations

Among the widely available technologies are spectrophotometric measuring techniques. However, they
require a transparent solution to be tested, opaque emulsions absorb light and thus lead to inaccurate
results. A key challenge is the generation of a transparent analyte solution to be measured. To achieve
this the emulsion is either diluted, the emulsion is separated or the oxidation products are extracted.
When diluting it is critical to ensure that the limit of quantification of the assay is still below the proposed
concentration of analyte in the diluted solution. To separate the phases of an emulsion, it is possible to
apply high gravitational forces (centrifugation), increase the ionic pressure so that it is energetically
more favourable to dissolve salts in an isolated aqueous phase and have the lipid phase as isolated layer
again. Further, organic solvents not miscible with water can be utilized to dissolve the lipid phase, also
leading to two isolated phases. When separating emulsions, it is crucial to keep in mind in which phase
the analyte of interest is located and thus which phase to follow or to discard respectively. In all these
sample extraction steps, it remains crucial to ensure that no further degradation products are formed
because of the sample preparation process. Lipid extraction usually consumes more emulsion sample,
as the lipid emulsions are on average between 2-20% oil. Solvents used for the extraction need to be
compatible with the rest of the assay. This includes the optical measurement, the containers (some or-
ganic solvents require glass plates, as they would dissolve the plastic surface and render them opaque),
but also the used chromophores, where based on the pH or the medium the ability to form a quantifiable
color reaction fades. Identifying a global solvent capable of dissolving the sample as well as the chro-
mophore while maintaining its spectral properties remains a key challenge in the assay development.

Titration of peroxides with iodine

The pharmacopoeial methods*®**’, as well as the American Oil Chemists’ Society (AOCS) Official
Method Cd 8-53%* for the determination of the peroxide value (PV) are based on titration. Iodide ions
from potassium iodide react with lipid hydroperoxides under acidic conditions to form iodine. The
amount of iodine is then determined by titration with sodium thiosulphate solution using a starch indi-
cator to the end point, indicated as a loss of the color. To reliably detect the end point, an oil mass of 5-
10 g (equivalent to 25-50 g of a 20% lipid emulsion) is required. Still, determination of the end point by
eye is prone to subjective assessments by the respective operator. To reduce this source of error, the
detection of the end point can be automated.”® Apart from the high sample consumption, isolation of
the oil phase from the emulsion without affecting the level of analyte is needed. A miniaturization down
to 0.5 g oil (2.5 g 20% lipid emulsion) has been proposed®' but gave unsatisfactory reproducibility in
our analyses due to difficulties in detecting the endpoint.
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Spectrophotometry for conjugated dienes

The measurement of the conjugated dienes (CD) is simple and straightforward. An oil or emulsion sam-
ple is diluted at a defined ratio in ethanol or isopropanol and the absorption is measured at 234 nm.*%
From the measured absorption and a published molar extinction coefficient, the concentration of CD is
calculated.”™ CD represent an early species in the oxidation chain reaction (see Fig. 1.7 in General
Introduction) and are thus only short-lived.?”> Though a very fast method requiring only minimal sample
amount, its significance may be limited: A low value does not necessarily mean a low degree of oxida-
tion. The absence of a proper calibrator lowers it even further. Measuring absorptions at a wavelength
below 300 nm demands working with glass cuvettes due to possible interference from plastic cuvettes
absorbing UV-light. Though used in the beginning of this work as an easy and rapid measurement, this

method was later abandoned for limited predictability.

Fluorescence assay for peroxides after enzymatic activation of the dye

Measuring the fluorescence emitted from 2,7-dichlorofluorescein (DCF) first requires the enzymatic
deacetylation of the stable precursor 2,7-dichlorodihydrofluorescein diacetate.”*? 2,7-Dichlorodihydro-
fluorescein (DCFH) is subsequently oxidized by peroxides to DCF with a characteristic fluorescence
signal.**? In the absence of cellular esterases, no fluorescence signal is measurable. Direct use of DCFH
is not possible due to the instability of the molecule. While this assay has been used for emulsions, it
was in combination with Caco-2 intestinal epithelial cells during in vitro digestion.”**** Due to the lack

of cellular esterases in our experimental setting, this approach did not produce the desired signal.

Gas chromatography

Gas chromatography (GC)-based methods, most often coupled to mass spectrometry (GC-MS), have
been described for the analysis of lipid peroxides'”’***>** but were not evaluated in this work. Unless
used for volatile secondary oxidation products (via headspace-sampling) where it can also be employed
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directly“”, samples need to be vaporized. For this process, it must be ensured that no additional lipid

oxidation products are formed from the thermal stress.

High-pressure liquid chromatography

Due to lipid oxidation products — similar to the parent triglycerides — being insufficiently UV-active on
their own, derivatization is needed to obtain a measurable UV-absorption or fluorescence. Under these
circumstances, using high-performance liquid chromatography (HPLC) is often overpowered compared
to direct reading on a spectrophotometer. A separation of individual species (the advantage of HPLC) is
rarely needed at the cost of diminishing sample throughput. Direct measurement using advanced detec-

tors and/or coupling to MS are further developments.**°

Luminescence assays to quantify peroxides

Two closely related assays based on the measurement of chemiluminescence were studied, once based
on luminol**"*** and acridan******. Both probes emit a chemiluminescence signal after excitation from
peroxide molecules. Both approaches did not produce reliable results. In the case of acridan, the highest
signal was measured in the negative control without sample and led to the hypothesis that there is a
negative correlation with signal quenching. However, higher amounts of oil lead to a higher signal,
disproving the hypothesis. For luminol, high signals were also measured from the negative control, even
higher than from the lipid samples. Hydrogen peroxide as positive control substantially increased the
signals. This led to the assumption that the miscibility of the oil and aqueous reagents was the limiting
factor. Neither adapting the setup according to literature by adding Triton X-100 as detergent and

22 | CHAPTER 2



245

potassium hexacyanoferrate(I1I)-solution in basic borate buffer (pH 10)*** nor adding hemin®*® improved

the situation and no linear relationship was observed for the standards.

Fluorescence assay for peroxides

The oxidation of diphenyl-1-pyrenylphosphine (DPPP) by hydroperoxides yields DPPP oxide, emitting
a fluorescence signal.>*” The signal should not be affected from added colors**® and compatibility with
emulsion samples without the need of lipid extraction has been demonstrated previously.”*’ However,
in our experiments, no fluorescence signal could be measured using a fluorescence spectrometer. Using
HPLC separation followed by fluorescence detection®’, a signal was measured, but the retention times
were not reproducible and no calibration curve could be established using hydrogen peroxide as calibra-
tor.

BODIPY 665/676
Use of an oxidation-selective fluorescent probe has been previously described.® It offered great ad-
vantages for qualitative (selective imaging of oxidized lipid droplets by confocal microscopy), but also

quantitative (flow cytometry)®°

applications. Knowledge on the preferential oxidation in for example
larger droplets would provide valuable additional knowledge to take preventive measures to reduce the
oxidation process. No reasonable signal could be measured in our experiments, presumably due to lim-
ited resolution and/or sensitivity. The application in literature has been described for food emulsions

212,213

with droplet sizes in the range of 1-10 pm compared to our 250-300 nm droplet.

The issue seems not to be related to the oxidation of the dye not taking place, as also trials with the non-
selective lipid dye BODIPY 493/503%"? failed to produce a measurable signal (by fluorescence mi-
Croscopy).

mFOX assay to quantify lipid hydroperoxides

The modified ferrous oxidation-xylenol orange (mFOX) assay is a measure for lipid hydroperoxides
(LOOH) as primary oxidation products.**® Ferrous ions are oxidized by LOOH to ferric ions (Fig. 2.1).>*
The reaction also yields a lipid radical, that can further oxidize a second equivalent of ferrous ion under
acidic conditions.>> The two equivalents of ferric ions are complexed by xylenol orange to form a pur-
ple-colored complex with a characteristic absorption at a wavelength of 570 nm.>® Calibration is
achieved by replacing the ferrous ions with ferric ions directly. This assay was developed for the meas-
urements of LOOH in oils**, but was also shown to be compatible with measuring parenteral lipid
emulsions.”’ Studies by e.g., Shanta and Decker®>® comparing the mFOX method found good agreement
of the determined values with the ones determined for the PV according to the AOCS method**’ based

on the sample-consuming titration. Also, a miniaturization has been published already.***

There is a similar assay based on the same principle of the oxidation of ferrous ions by LOOH. Instead
of xylenol orange, thiocyanate ions are used.”> Experiments date back more than 75 years?* 2%, to date
this is still the officially recognized method by the International Dairy Federation for lipid oxidation
products in milk and other dairy products.*®®> A 3.94 M solution of ammonium thiocyanate is incubated
with equal volume of 40-140 mM Fe(II) and the absorption is read at 510 nm.?***° In initial reports, the
direct use of ferrous ions from iron sulphate was discouraged, instead, it should be purified from oxi-
dized ferric ions by using in combination with barium chloride to precipitate barium sulphate and ensure

the sole presence of ferrous chloride.?*
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Fe(ll) + SO,Z + LOOH ~=—— Fe(lll) + LO + OH + SO,
LO +Fe(ll) + H* + SO,2—==—Fe(lll) + LOH + SO,%

At
Fe(lll) + xylenol orange — > FeXO-complex

Fig. 2.1: Quantification of lipid hydroperoxides (LOOH) by the mFOX assay. Ferrous ions are oxidized by LOOH to ferric
ions, the resulting lipid radical (LO°®) can under acidic conditions oxidize a second equivalent of ferrous ions. The produced
ferric ions are captured in a selective complex with xylenol orange (FeXO-complex) with a distinct absorption at a wave-
length of 570 nm.>>

para-Anisidine Value

The para-anisidine value (pAV) is the official AOCS method*”’ for secondary oxidation products such
as aldehydes.””’ First, the blank absorption of o0il or emulsion in organic solvent is measured.?''**® Af-
terwards, para-anisidine is added to the supernatant and reacts with the aldehydes to form a color adduct
with a distinct spectral absorption at 350 nm.****’° Working with strong organic solvents required using
glass cuvettes as plastic multiwell plates are not resistant enough. Reading an individual blank takes
more time and further lowers sample throughput. The formation of two phases demands for a horizontal
absorption measurement and thereby renders glass-coated multiwell plates ineffective. Relative standard

deviations > 30% were measured and thus the method was abandoned.

In combination with the pAV, the introduction of the total oxidation value (TOTOX) has been pro-
posed.®*> The TOTOX is defined as the sum of the pAV plus twice the PV, thus accounting once the
weight of the present degradation (secondary oxidation products assessed by the pAV) plus double the
past (primary oxidation products; assessing the PV now might underestimate the real value, as parts may
have already been further oxidized to secondary oxidation products). Since we could not establish the
pPAV method, calculating the TOTOX was not possible.

TBARS assay to quantify malondialdehyde as secondary oxidation product

The thiobarbituric acid reactive substances (TBARS) assay is a rapid measure of secondary oxidation
products.?’! The reaction scheme is depicted in Fig. 2.2."” Two equivalents of thiobarbituric acid (TBA)
react with one equivalent of malondialdehyde (MDA) to form a strong pink-colored adduct with a char-
acteristic absorbance at 532 nm.”’” The reaction requires prolonged incubation between 15 to

35 minutes®”

at elevated temperatures up to 100 °C.?’* Initial experiments have already been described
in 1962 by Dahle, Hill and Holman?” as a measure of MDA that has been formed through secondary
oxidation reactions.?’’® There is some controversy on the specificity of the TBARS assay whether it
quantifies MDA only or also other products, and if these other products are secondary oxidation products
as well (in which case TBARS would still be a valid measure of secondary oxidation products) or unre-
lated molecules leading to erroneous results.'***"*?’” In combination with samples containing proteins,
there is the risk of underestimating the MDA content as MDA can react with amino acid side chains and
is therefore not available for TBA reaction anymore.*** Quantification is established from preparing a
linear calibration curve of malondialdehyde bis(dimethyl acetal) (1,1,3,3-tetramethoxy propane) that in-
situ forms MDA and is treated the same way as emulsion samples.””’ Because of its simplicity, it is still
widely used for assessing emulsions®’® though originally developed for oil samples.”” Also, the minia-
turization down to as low as 50 ul emulsion has been demonstrated.””!
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Fig. 2.2: Reaction scheme of the formation of a colored thiobarbituric acid (TBA)-malondialdehyde (MDA) adduct with a
characteristic absorbance at 532 nm from the reaction of 2 TBA molecules with one equivalent of MDA at 60 °C over

25 minutes.'’

ABTS assay to assess antioxidant capacity

The 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay is a widely used measure for
the radical scavenging activity to compare the antioxidant potential.”** It was evaluated to test the re-
maining o-tocopherol capacity. The reaction requires preparation, first ABTS radicals are created by
incubating ABTS with potassium persulfate for 12-16 hours.?®"*** Upon reaction with antioxidants, the
color from the ABTS radical is lost and the signal disappears.”® Trolox was used as calibrator stand-
ard.”® After some initial troubles, finally the intended calibration curve with Trolox could be estab-
lished. However, no reasonable signal was measured from lipid emulsion samples, even after spiking

with additional o-tocopherol. The proposed addition of myoglobin did not bring any improvement.*

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH)*>2% assay is based on the same working principle. From
the assumption that the ABTS assay failed because of insufficient antioxidant amounts in our samples,
this approach was not evaluated yet.

Based on the evaluation of the described methods in preliminary experiments, we chose the mFOX assay
to quantify primary oxidation products (peroxides) and the TBARS assay to quantify secondary oxida-
tion products (malondialdehyde) as most promising approaches for the quality control in our project.
The goal of this sub-project was to further optimize the two assays for their routine use in the develop-

ment of our lipid emulsions for parenteral nutrition.
2.2 Methods

mFOX assay

Unless stated otherwise, chemicals were obtained from Sigma-Aldrich, Buchs, Switzerland. For the
measurement of primary oxidation products according to the mFOX method, LOOH were extracted
from lipid emulsion samples by diluting 1:80 (13 pl ad 1 ml) in DMSO (>99.5%), vortexed and centri-
fuged at 15’000 g for 10 minutes (Beckman GS-15R, Beckman Coulter, Brea CA, USA). Later, 20 pl
from the supernatant of the LOOH-extract in DMSO was pipetted together with 300 ul of a 0.15 mM
xylenol orange solution®®’ (xylenol orange disodium salt, for spectrophotometric determination of metal
ions) in 25 mM H>SO4 onto a 96-well plastic microplate reader plate. The reaction was started by the
addition of 20 pl of freshly prepared 40 mM iron(II) solution (FeSO4 * 7 H>O, >99.0%) in 3.5% HCI.

The absorbance was monitored for 16 minutes®”

at room temperature at a wavelength of A = 570 nm*>*
on a Synergy HT microplate reader (BioTek Instruments GmbH, Sursee, Switzerland). Quantification
was achieved with a calibration curve established with iron(III) solution (FeCls « 6 H,O, >99%) in the
range of 0.05 — 0.5 g/L and using the equation given in [***], further taking the 1:80 dilution factor into

account and standardizing to the oil content of the original emulsion.

To study the influence of reaction parameters, iron(Il) concentrations in the range of 10-400 mM were
tested. The emulsion volume was varied between 3 ul and 43 pl, but the total volume of the DMSO
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solution was maintained at 1 ml (addition of 957-997 ul DMSO). Translation into a molarity-based
quantification using either cumyl hydroperoxide® (80%; Acros Organics, New Jersey, USA) or tert-

butyl hydroperoxide**®**! (70% in water; Tokyo Chemical Industries, Tokyo, Japan) was attempted.

TBARS assay

Secondary oxidation products were quantified according to the TBARS assay. A 0.67% thiobarbituric
acid solution””’ (4,6-dihydroxy-2-mercaptopyrimidine, 98%; abcr GmbH, Karlsruhe, Germany) in 10%
DMSO (>99.5%) and 0.03% HCI was prepared.”’* Of this 0.67% TBA solution, 60 pl were mixed with
300 pl lipid emulsion, vortexed, and incubated for 25 minutes at 60 °C in an Eppendorf Thermomixer
5436 (Eppendorf SE, Hamburg, Germany).””® Afterwards, the reaction was quenched for at least
5 minutes on ice, and 400 pul of hexane (>97.0%) were added to separate the phases. The mixture was
vigorously vortexed and centrifuged for 15 minutes at 15’000 g (Beckman GS-15R, Beckman Coulter).
Afterwards, 100 pl of the lower aqueous layer were added to 800 pl 1-butanol (99.9%; VWR Interna-
tional, Fontenay-sous-Bois, France), the reaction mixture was again vortex-mixed and centrifuged for
5 minutes at 15’000 g (Beckman GS-15R, Beckman Coulter). The absorption of 200 pl of the superna-
tant was measured at a wavelength of A = 532 nm on a Synergy HT microplate reader (BioTek Instru-
ments GmbH). Quantification was achieved with a calibration curve established by treating 300 ul of
aqueous dilutions of 1,1,3,3-tetramethoxypropane (malonaldehyde bis(dimethyl acetal), 99+%; Acros
Organics) in the range of 2.8 — 60 uM the same as samples followed by standardizing for the oil content

of the original emulsion.

The possible interference of ethylenediaminetetraacetic acid (EDTA) and glucose was tested by adding
2.5 uM final concentration EDTA (disodium salt dihydrate, >99%; Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) or 63% glucose (D(+)-glucose anhydrous, pure, EP, USP; neoFroxx, Einhausen, Ger-
many) to MDA standards. For studying the influence of reaction temperature and time, durations of 5-
55 min®*” at 25-95 °C*™ were evaluated. Validation of the MDA calibration was attempted with two
other aldehydes, 2,4-heptadienal (90%) and trans, trans-2,4-decadienal (95%; Acros Organics) and two
isoforms of a dialdehyde, terephthalaldehyde (>98.0%; Tokyo Chemical Industries) and isophthalalde-
hyde (>97%; Apollo Scientific, Stockport, UK), dissolved either in ethanol, DMSO or ethanol:water 1:1
at a pH of 1.86 and 13.91 in the concentration range 9.6-74.5 uM.

2.3 Results

mFOX assay

In initial experiments using the tetrasodium salt of xylenol orange, we were not able to measure the
expected signal at a wavelength of 570 nm and instead got a pH-dependent shift in absorption, inde-
pendent of added ferric ions. By switching the salt form of xylenol orange to the disodium form, the

expected UV maximum was measured with iron(IIl) and emulsion samples.
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Fig. 2.3: Influence of iron(Il) concentration on obtained absorption at 570 nm after a constant incubation time of 16 minutes.
For relative comparison, the absorption obtained from 40 mM iron(Il) is assumed as 1 and all other values are calculated
relative to its absorption. Dots and squares represent averages from 4 and 3 emulsions, respectively (means * standard devi-
ation), along a linear fit in the range 10-40 mM and 40-400 nm, respectively.

The iron(II) concentration had a dose-dependent effect on the obtained absorption values after a constant
incubation time and constant emulsion volume used in the assay (Fig. 2.3). For relative comparison
across different emulsions, the absorption obtained from 40 mM iron(Il) was arbitrarily set as 1 and all
other values were calculated relative to the absorption at 40 mM (Ax mm/A40mm). TWo linear relationships
with different slopes below as well as above 40 mM iron(II) concentration resulted. The variation of the
used emulsion volume shown in Fig. 2.4 (A) revealed that with increasing emulsion volume, higher
relative absorption values were measured. To allow reasonable comparison, values obtained from the
default 13 pl were set as 1 and all other values were calculated relative to it. The correction for the
individual emulsion volume in Fig. 2.4 (B) then showed an increased standard deviation for the minimal
emulsion volume of 3 pl. At higher emulsion volumes, the trend levels off with low standard deviations.
Choosing 13 ul over e.g., 43 pl might overestimate the hydroperoxide content, but reduces sample con-
sumption considerably.
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Fig. 2.4: Influence of emulsion volume on obtained absorption after 16 minutes incubation time. The absorption obtained
from the default 13 ul of emulsion is set as 1 and all other absorptions are calculated relative to it (4). In (B), the same data
as in (4) are normalized (divided) for the different emulsion volumes. Mean + standard deviation (n=4).
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In Fig. 2.5 the absorptions at a wavelength of 570 nm with increasing concentrations of fert-butyl hy-
droperoxide and cumyl hydroperoxide diluted in different solvents are shown. For comparison, the cal-
ibration curve obtained from using iron(Ill) directly is shown as well. Using water to dilute tert-butyl
hydroperoxide led to a steeper slope, while using DMSO to dissolve both alternate standards led to a
higher intercept at comparable slope. While with both synthetic hydroperoxides linear relationships were
established, maintenance of the pH-value in the reaction mix was crucial to ensure a comparable signal.
The absorption values obtained from iron(Ill) directly are lower at equimolar concentrations. Thus, no
cross-calibration could be achieved to give the results of the mFOX assay as hydroperoxide concentra-
tions in uM instead of milliequivalents of oxygen.
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Fig. 2.5: Absorption at 570 nm after using increasing tert-butyl hydroperoxide or cumyl hydroperoxide dilutions in different
solvents (bottom x-axis) in comparison to the calibration obtained from using iron(Ill) in 3.5% HCI (top x-axis). Colors as
indicated, mean absorption measurements + standard deviation (n=3).

Using the thiocyanate anion or xylenol orange for the complexation of ferric ions yielded similar ab-
sorption values (see Fig. 2.6). However, the cross-calibration with tert-butyl hydroperoxide and cumyl
hydroperoxide was not possible for the ammonium thiocyanate assay and therefore the mFOX assay

was given preference over the ammonium thiocyanate assay for future routine use.
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Fig. 2.6: Calibration curves obtained from incubating increasing iron(Ill) concentrations with either ammonium thiocyanate
(purple curve) or xylenol orange (orange curve) and measuring the color complex formation by UV-absorption at 510 nm
(ammonium thiocyanate) or 570 nm (xylenol orange), respectively.
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TBARS assay

The color adduct formation requires elevated temperature. The influence of the reaction temperature is
shown in Fig. 2.7 for oil and emulsion samples, respectively. For oil samples, above 60 °C comparable
values were obtained, while for emulsion samples the values considerably increased above temperatures
of 60 °C. Along with the increasing values, the standard deviation was also markedly increased. Cooling
on ice slightly reduced the measurements, indicating that the reaction would still have continued other-
wise. Cooling on ice as opposed to at room temperature thus allows to more precisely control the reaction
duration and increase reproducibility.

A B

1.59

1.0 | [ ]

0.5

a1

0.0 I I I I 1 0 I I I I 1
0 20 40 60 80 100 0 20 40 60 80 100

reaction temperature / °C reaction temperature / °C

relative absorption
| ] |
| |
relative absorption

Fig. 2.7: Influence of the reaction temperature on the obtained absorption values after incubating oil samples (A, squares,
individual values, n=2) and emulsion samples (B, triangles, mean + standard deviation, n=4) for 25 minutes. For relative
comparison, the absorption obtained from the default 60 °C was set as 1 and the other values were calculated relative to it.
For oil samples, the reaction time had little influence in preliminary studies, assuming the elevated value
at 35 minutes resulting in a large standard deviation was an outlier. At 60 minutes and above, the stand-
ard deviations were also increased. For emulsion samples, incubation for longer than 25 minutes yielded
increased relative values with larger standard deviations. Our finally chosen reaction time of 25 minutes
lies in the range of published values in literature.?”
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Fig. 2.8: Influence of the reaction time on relative absorption obtained after incubating oil samples (4, square symbols, indi-
vidual values, n=2) at 90 °C and emulsion samples (B, triangles, mean + standard deviation, n=4) at 60 °C. The absorption
values are calculated relative to the absorption obtained after 20 min for oil samples and 25 min for emulsion samples.
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Inclusion of trichloroacetic acid (TCA) in TBA solutions led to phase separation of the emulsion samples
and considerably increased the obtained values. Incubation of TBA solution with the polyunsaturated
mono-aldehydes 2,4-heptadienal and trans,trans-2,4-decadienal did not produce a measurable signal.
Neither did the two benzene-dialdehydes isophthalaldehyde and terephthalaldehyde lead to the expected
color adduct formation, irrespective of used solvent and pH-value. In the literature, TBA concentrations
in the range of 0.375%-1% are described”?, usually at a volume ratio of around 5:1 for the TBA solution
over the emulsion. For reduction of sample and solvent consumption, a more concentrated TBA solution
was prepared and used in combination with the minimal emulsion amount for a reproducible result.
Lastly, the whole reaction mixture was downscaled to still fit into 1.5 ml Eppendorf tubes after addition
of sufficient amounts of hexane (or chloroform in initial experiments) to avoid the need for transferring

the samples to a larger container between individual steps.

No signal difference was measured from MDA calibration curves, spiked with either 25 uM EDTA or
63% glucose and a corresponding unspiked MDA calibration curve alone (Fig. 2.9).
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Fig. 2.9: Calibration curves obtained from increasing concentrations of malondialdehyde standard and measuring absorp-
tion at a wavelength of 532 nm. In (4), standards were spiked with 25 uM EDTA, in (B) with 63% glucose to study the influ-
ence of these two agents on the obtained absorption values.

2.4 Discussion

Two assays for the quantification of primary and secondary oxidation products in lipid emulsions
showed promising results in our experiments. The mFOX and TBARS assays were further developed

for the successful implementation in the routine quality control of lipid emulsions in our laboratories.

mFOX assay

In the literature, it is shown that the formation of the ferric-xylenol orange complex takes time to form.**®
While some sources show that a level-off is reached after 5 minutes already, other take up to 20 with
maximal value after 60 minutes® We considered an incubation time of 15 min sufficient*”, despite not
always already reaching the absolute maximum. As long as the incubation time was diligently kept
constant for all assays, differences in the formation of the complex could be accounted for. By keeping
the incubation short, the sample throughput was increased and the plate reader was not unnecessarily
blocked. Instead of incubation outside, we considered it advantageous to incubate the plates inside the
plate reader and monitor the complex formation. Measurements could in this case still be rescued from
issues arising from precipitation/phase separation at later time points turning the solution turbid and
interfering with a spectrophotometric measurement. As the reaction starts immediately after the addition
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of the iron(II) solution, use of a multichannel pipet proved beneficial in our experiments to avoid a time

delay between the first and last sample when measuring several samples at once on a 96-well microplate.

The concentration of xylenol orange was chosen according to examples from the literature.”® Also the
default concentration of 40 mM iron(II) for the reaction lay in the range of reported values. The linear
increase found in our experiments when using larger concentrations is another hint that the equilibrium
is not reached after 16 minutes incubation yet; under the assumption that the iron(II) concentration is
not the rate limiting reactant (less than 100 mM hydroperoxides expected in out formulations) only the
reaction rate, but not the maximal (equilibrium) signal should be affected. The iron(II) concentration for
routine measurements was chosen to yield absorption values between 1.0 and 1.2 to avoid detector sat-
uration. It has also been found by other researchers that increasing sample amount led to an increasing
signal, until saturation of the reaction.”®? In our experiments, emulsion volumes were chosen as low as
possible to reduce sample consumption and signal saturation was not reached. The total volume of the
DMSO-extract was kept constant in our experiments. For future experiments to maintain low sample
consumption, but avoid overestimation of the peroxide content, experiments at lower total DMSO vol-
ume (ad 500 ul or even 100 pl) could be evaluated. Thereby, the relative oil content in the 20 ul DMSO-
extract used for the assay is greatly increased. Care needs to be taken to avoid saturation of the detector
when the absolute oil content used in the assay is in fact suddenly increased up to 10-fold.

The external validation of the calibration failed, while at least a linear relationship could be established,
no correlation to the calibration with iron(IIl) was possible (reasonably explainable factor, instead of
calculated 0.29x conversion factor). When in the assay iron(lII) is used, the calibration with iron(IIl) was
considered more valid; the efficiency of ferrous oxidation may be different for various peroxide species.
As long as the assay is always carried out in the same way, the information value is greater by giving
the results as mEq of oxygen rather than transforming to a molar amount with the assumption of a
specific oxidation efficiency of either cumyl hydroperoxide or fert-butyl hydroperoxide

The signal of the mFOX depends greatly on the pH-value of the medium where the reaction takes
place.”®® When using the tetrasodium salt instead of the disodium salt of xylenol, instead of obtaining
the expected complex formation, we got a pH-responsive signal. Through the choice of diluted sulfuric
acid as solvent for our reaction, we ensured that the pH stayed constant over the course of the reaction.”>
Still, the influence of the dilution medium of the alternate standards that are only added at below 6%
(20 pl of a total of 340 ul) was observed when studying the different dilution media. It has been reported
that using sulfuric acid over methanol, also commonly used when working for the measurement of val-

ues in oils, resulted in faster establishment of the equilibrium.?>

Chelator substances in emulsion samples could interfere with the mFOX assay. EDTA might capture
iron and prevent it from complexing with xylenol orange and thereby lead to misleading low measured

255 However, in our case the relative ratio of EDTA to

results not reflecting the hydroperoxide content.
iron was negligible. In the assay, 20 pul 40 mM iron(Il) is used compared to 20 pl of a DMSO-extract
from 13 pl emulsion with 2.5 uM EDTA (the DMSO-extract has a final EDTA concentration of

32.5 nM) was negligible.

While the ammonium thiocyanate method produced comparable results (as also demonstrated by Shanta
and Decker”*®), experiments showed a higher distinctability between samples compared to the FeSCN-
assay. Moreover, it yielded better results in the cross-validation attempts with cumyl hydroperoxide and
therefore preference was given to the mFOX assay for routine use over the ammonium thiocyanate

assay.
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TBARS assay

According to literature, the adduct formation of TBA and MDA in the TBARS assay requires elevated
temperature. Increasing the temperature up to 95 °C should speed up the reaction, but our experiments
showed that above 60 °C a level off with only minimal signal gain at higher temperatures was found for
oil samples. Out of concern of promoting the formation of additional MDA and thereby influencing the
measured result during the sample preparation process, we opted for a reaction temperature of 60 °C.
Literature proposes the use of butylated hydroxytoluene (BHT), a strong synthetic antioxidant, to pre-
vent further degradation from taking place.””* We did not evaluate this over concerns of affecting the
measured result as well when lowering the reaction temperature allowed equal results than in a boiling
water bath.

Many protocols suggest the inclusion of TCA in the TBA solution with the aim to precipitate any pro-
teins that could otherwise interfere with the assay.**? Due to the absence of proteins in our lipid emulsion
samples this was not a concern in our case. Introduction of TCA led to phase separation and considerably
increased the obtained values. In contrast to the mFOX assay, for the TBARS assay, the color adduct
formation takes place while the emulsion is still intact and only the formed adduct is later on extracted.
It remains unclear by which mechanism TCA increased the obtained values.

The attempted validation with two polyunsaturated monoaldehydes did not produce a colored adduct.
As expected, the two monoaldehydes were not able to link two TBA molecules. However, the confir-
mation with two alternative dialdehydes failed, indicating specificity for MDA over the other two dial-
dehydes. Interference from EDTA or glucose was excluded: Emulsions with elevated EDTA incorpo-
rated led to drastically reduced TBARS values (see Chapter 5, “Engineering of Lipid Nanoemulsions at
Low Surfactant Concentrations Stabilized by High Contents of Glucose”). No difference was measured
from MDA calibration curves spiked with either EDTA or glucose and compared to unspiked controls,
excluding the interference of EDTA or glucose with the formation of the color adduct. Instead, a bene-
ficial effect of the chelator on lowering the generation of secondary lipid oxidation products is more
likely.*

2.5 Conclusion

PUFAs in lipid emulsions are highly susceptible to lipid oxidation and thus lipid oxidation products
need to be quantified diligently before the use of any lipid emulsions in patients. A multitude of assays
are reported in the literature with individual advantages but also considerable limitations. The obtained
values highly depend on the assay with which they have been measured. We developed two assays for
the quantification of lipid hydroperoxides as primary lipid oxidation products and TBARS assay for
secondary oxidation products and adapted them for the measurement on a 96-well plate.

The chosen reaction parameters, including the reaction temperature, reactant concentration and incuba-
tion time, highly influence the obtained signal. We optimized the two assays to reduce emulsion con-
sumption and optimized for high throughput by establishing a plate-reader compatible setup. In sum-

mary, we established two assays for practical use to quantify oxidation products in lipid emulsions.
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3 DETERMINATION OF FREE FATTY ACIDS IN LIPID
EMULSIONS BY FLUORESCENCE-DETECTION BASED HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY

Gregory Holtzhauer, Marco Taddio and Stefanie D. Kramer

Biopharmacy / Center for Radiopharmaceutical Sciences, Institute of Pharmaceutical Sciences,
ETH Zurich

Scientific contributions:

Gregory Holtzhauer optimized the HPLC method, evaluated reaction conditions, established calibration
curves for quantification, manufactured emulsions and quantified the FFAs, determined the limit of
quantification, and wrote the chapter; Marco Taddio developed the initial HPLC method and introduced
DMT-MM as coupling agent; Stefanie D. Krdmer supervised the work.
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3.1 Introduction

Triglycerides in close contact with an aqueous environment as for example in the form of lipid emulsions
are prone to hydrolysis.>> The resulting free fatty acids (FFA) can impair the patient’s health by e.g.,
damaging the vasculature.”’**® The hydrolysis reaction is acid-catalyzed and thus accelerated by the
produced FFA, further promoting degradation over time and reducing shelf-life.”®” Lipid emulsions are
indicated in severe health conditions and patients should be spared from further harm by products of
inferior quality.?'**° Thus, also the United States Pharmacopoeia limits the level of free fatty acids to
be administered in a lipid emulsion to 0.07 mEq of FFA per gram of oil.'®® The lipid profile of an emul-
sion is carefully compiled and selected to consist of all essential fatty acids. If some are lost due to

degradation, the body becomes deficient and can develop adverse effects with time.”**!

Lipid emulsions are especially indicated in pre-term infants to bridge the first few days of life by provid-
ing essential nutrients until the digestive system is ready to tolerate enteral nutrition.**** FFAs bind to
albumin (as confirmed by our in vitro distribution studies described in Chapter 4, “Excipient Screening
for the Development of Lipid Emulsions based on Vegetable Oils Rich in n—3 Polyunsaturated Fatty
Acids”), competing with the albumin binding of bilirubin.****%* As bilirubin levels are frequently ele-
vated in neonates, the liberation from the albumin binding may further increase the toxic effects of the
increased bilirubin levels. Emulsions with excess FFAs increased free bilirubin in serum, potentially
posing an increased risk for the development of jaundice and in severe cases even neurotoxicity.** 3%
It is thus even more critical in pre-term infants than in adults to diligently quantify the extent of free

fatty acids prior to administering lipid emulsions.

The US pharmacopeia limits the level of total but not of individual free fatty acids.'® However,
knowledge on the extent of individual fatty acid (FA) species can show the triglycerides’ susceptibility
towards hydrolysis. Various methods are available for the quantification of FFAs, including titration,
enzymatic color reactions, high-performance liquid chromatography (HPLC) or gas chromatography
(GC). The ability to separate lipids and phospholipids and corresponding subclasses (phosphatidyl cho-
line, ethanolamine, inositol) by solid phase extraction has been shown for quite some time.*'>'"* As
fatty acids alone are not sufficiently UV-active, especially the saturated fatty acids with no delocalized
electron system, they need to be derivatized to get a measurable signal for spectrophotometric detection.
This can be achieved with an UV-active dye or a fluorophore.*'>*'” GC also does not work directly but
needs the derivatization to fatty acid methyl esters.’'®*'? In this process, all the triglycerides get hydro-
lysed, so no information on the FFA levels prior to the derivatization step is available. If chromato-
graphic methods are coupled to mass spectroscopy, the labelling-step can be omitted, though this costly
instrument requirement is not broadly available.**° Clinically, for measuring FFA-levels in plasma sam-
ples, a method based on enzymatic conversion of FFAs to their corresponding enoyl-coenzyme A prod-
ucts is used.*' % This conversion generates hydrogen peroxide that can be quantified in a subsequent
reaction. The challenge of using this approach for the measurement of FFAs in lipid emulsions is to
bring the enzymes dissolved in aqueous solvents in contact with the FFAs in the lipid phase of emul-
sions. Titration has the drawback that it requires large sample volumes to reliably detect a faint color
change.’** Moreover, this determination is operator-dependent and prone to subjective assessment. A
method especially used to quantify total FFAs released during in vitro gastric digestion is the pH-stat
method where FFAs generated upon (enzymatic) lipolysis are constantly neutralized with sodium hy-
droxide in the presence of lipase and bile salts. From the consumption of base over time, the amount of

released FFA can be quantified, but also requires similar sample volumes as titrimetric methods.?*3%*~

329 Published HPLC methods rely on toxic coupling agents and take a considerable analysis time.>'>=!7
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Our goal was to optimize sample throughput, limit sample consumption so that the method can be ap-
plied in early screening when still little substance is available and avoid or replace potentially toxic
reagents. An improved HPLC method was thus developed to accurately quantify the total amount of
FFA in oil-in-water emulsions for parenteral nutrition prior to administration and to identify the indi-
vidual FFAs from their retention time.

3.2 Methods

Fluorescent labelling procedure

The method is based on activation of extracted FFAs with the triazine derivative 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) as a coupling agent and subsequent
conjugation with the fluorescent dye 4-(N,N-dimethylaminosulfonyl)-7-piperazino-2,1,3-benzoxadia-
zole (DBD-PZ). After incubation, aliquots were quenched with diluted acid to terminate the coupling
reaction and separated and analyzed by high-performance liquid chromatography. The method was mod-
ified from previous work by Ueno et al.*'” Unless stated otherwise, chemicals were obtained from
Sigma-Aldrich (Buchs, Switzerland). Briefly, 195 ul acetonitrile, 7.5 ul emulsion sample, 15 pul pre-
mixed 100 uM pentadecanoic acid (C15:0, 99%; Acros Organics, New Jersey, USA) and 100 uM hep-
tadecanoic acid (C17:0, >98.0%; Tokyo Chemical Industries, Tokyo, Japan), both as internal standards,
and 7.5 pl 200 uM DMT-MM (>98.0%; Tokyo Chemical Industries) in 80/20 acetonitrile/water were
mixed by gentle vortexing and incubated for 5 minutes. Then, 75 pl 5 mM DBD-PZ (>98.0%; Tokyo
Chemical Industries) in acetonitrile were added, the sample was gently vortexed and incubated for

2 hours at room temperature in the dark. The reaction scheme is depicted in Fig. 3.1.
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Fig. 3.1: Reaction scheme of the fluorescence-labelling of free fatty acids. First, the fatty acid is activated with the coupling
agent DMT-MM to form an active ester. The introduced leaving group is then replaced by the fluorophore DBD-PZ.

Afterwards, an aliquot of 75 ul was quenched with 25 pl of 1% formic acid (98.0-100%) in acetonitrile
and analysed by HPLC. Part of the sample (10 pl) was injected at a flow rate of 1 ml/min and separated
on a Waters XBridge™ C18 5 um, 4.6 x 150 mm (Waters, Antwerp, Belgium) column. Acetonitrile
(>99.9%) and 0.1% trifluoroacetic acid (>99.9%) in water were used for the mobile phase. A visual
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representation of the solvent gradient is shown in Fig. 3.2. The mobile phase was 15% aqueous from 0-
3 minutes; from 3-12 min, the polarity was gradually decreased to 5% aqueous and maintained for
10 minutes; from 22 to 22.5 minutes, 15% aqueous was re-established and the column was equilibrated
for 2.5 min (total run duration: 25 min).
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Fig. 3.2: Solvent gradient of the mobile phase used for the separation of fluorescently-labelled fatty acids. The percentage of
0.1% TFA in water as aqueous solvent was varied between 15% and 5% over a total run time of 25 minutes. The organic
solvent was acetonitrile. Labelled FFAs were separated on a Waters XBridge™ C18 5 um, 4.6 x 150 mm (Waters, Antwerp,
Belgium) column.

Fluorescence was detected at an excitation wavelength of Aex = 444 nm and emission wavelength of
Aem =557 nm. The system was equipped with a VWR Hitachi LaChrom Elite L-2200 autosampler, VWR
Hitachi LaChrom Elite L-2130 pump and VWR Hitachi LaChrom Elite L-2480 Fluorescence detector
(VWR Hitachi, Tokyo, Japan). Quantification was achieved by standardization the integrated peak areas
to those of non-natural FFAs C15:0 and C17:0 as internal standards as well as comparison with calibra-
tion curves established from individual pure standards in the concentration range from 0.5-50 uM (con-
centration in injected solution) followed by standardization to the oil content of the original emulsion.
Details on the used FA standards can be found in the Appendix in Tab. Al.

Influence of reactant concentrations

To test the influence of the reactant concentrations, runs with 5-50 uM final concentration of DMT-
MM, 0.25-12.5 mM final concentration of DBD-PZ and emulsion volumes between 1.5-75 pl were
conducted. Varied incubation periods between 1-24 h were evaluated. The labelling reactions were car-
ried out at room temperature protected from light. In preliminary experiments temperatures of up to
60 °C were examined. To facilitate dissolution of concentrated FA standards, stock solutions were
heated up to 60 °C to melt. Interference was tested by replacing the emulsion sample in the labelling

reaction with 2% solutions of common co-surfactants Tween and Span (2% v/v in acetonitrile).

Quantification of FFA in lipid emulsions

Commercially available lipid emulsions Intralipid, Omegaven and SMOFlipid (all from Fresenius Kabi)
and in-house manufactured mimics with 20% soybean oil, 10% fish oil or 20% soy-olive-coconut and
fish oil mixture along with 20% Formula #3 (oil mixture consisting of 50% Ahiflower oil, 25% olive oil
and 25% coconut oil, see detailed description in Chapter 4) lipid emulsion were characterized for the
amount of FFA. In-house emulsions were manufactured according to the general procedure described
in chapter 4. As oil source for in-house mimics of commercial emulsions, soybean oil (either purified

soybean oil 700, Ph. Eur., USP; Lipoid GmbH, Ludwigshafen, Germany; super refined soybean oil,
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USP; Croda, Mill Hall PA, USA; or refined soybean oil IV, Ph. Eur., USP; Société Industrielle des
Oléagineux (SIO), St-Laurent Blangy, France) and fish oil (Bioriginal, Saskatoon SK, Canada) were
used. For mimicking the SMOFlipid-based four-oil mixture additionally coconut 30% coconut oil (Bi-
original) and 25% olive oil (purified, Ph. Eur., USP; Lipoid) were used.

We found competition for the reagents when FA standards were mixed. Combining various FA stand-
ards in a single sample resulted in lower signal for the individual FAs than when analysed individually.
Because of this, sample matrices aiming at a “typical” intermediary FFA level were used for the cali-
bration samples. Commercially available lipid emulsions mentioned above were spiked with the indi-
cated amounts of FA standards. An exemplary composition is shown in Tab. 3.1; Appendix Tab. A2 to
Tab. A4 show all compositions. The control sample (“Ctrl” in Tab. 3.1) was spiked with the internal
standards C15 and C17 alone.

Tab. 3.1: Composition of a spiking matrix for establishing calibration curves for quantification of FFA levels in lipid emul-
sions. Displayed below is the example for Formula #3 with its main contributing FA species, based on the certificates of

analysis (CoA) of the three oils. Mix 1-3 describes the three calibration mixtures consisting of a combination of different con-
centrations of FA standards.

Fatty acid standard  Mix 1 Mix 2 Mix 3 Ctrl
C12:0 +2.5 uM +10 uM +5 uM

C18:3n—3 +10 uM +2.5 uM +5 uM

C14:0 +10 uM +5 uM +2.5 uM

C18:2 +2.5 uM +10 uM +5 uM

C15:0 +10 uM +10 uM +10 uM +10 uM
C17:0 +10 uM +10 uM +10 uM +10 uM

After establishing the calibration curve, the relative fatty acid profile of Intralipid, Omegaven and For-
mula #3 emulsions was compared against the theoretical profile calculated from literature data and cer-
tificates of analysis (CoA) of the used oil sources.

Determination of limit of quantification

For the determination of the limit of quantification, dilutions of the pure FA standards from 2.5 uM to
0.1 uM in acetonitrile were measured accordingly. C15:0 and C17:0 were added as internal controls at
10 uM each.

Total hydrolysis of oil samples

We furthermore analyzed raw oil samples after hydrolysis to confirm the fatty acid composition pro-
vided in the CoAs, determined by gas chromatography by the supplier. Oil samples (600 ul) were incu-
bated for 45 minutes to 2 hours at 37 °C with 40 mg lipase (from porcine pancreas, Type II, 100-
500 units/mg protein) to hydrolyze the triglycerides. Subsequently, samples containing 1.5 pl hydro-
lyzed oil (mimicking the oil content in 7.5 pl 20% lipid emulsion) were analyzed as described above.

To further streamline the assay setup, preparation of diluted aliquots of FA standards, coupling agent

and fluorophore and their respective stability upon storage in the freezer was studied.
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3.3 Results

HPLC method development

A representative chromatogram after running a lipid emulsion sample is depicted in Fig. 3.3. Distinct
fatty acid patterns were detected, based on the composition of the lipid emulsion and its oil source. The
retention times listed in Tab. 3.2 were obtained from running pure standards. Excess unreacted fluoro-
phore DBD-PZ had a retention time of 1.9 min, close to the dwell time of 1.7 min. The solvent gradient
system was optimized in such a way that 13 individual FA species, including the two non-natural FAs
used as internal standards (C15:0 and C17:0), were separated. When choosing flatter solvent gradients
(prolonging the method) and more polar starting conditions (30% aqueous instead of 15% aqueous), it
was also possible to detect C8:0 and C10:0 that were otherwise co-eluting with the fluorophore peak in
the current method. Some retention times were closely together and may overlap at increased concen-
trations. However, FAs of concern were not naturally present together in the same oil sample and thus
with knowledge about the used oil source in a given lipid emulsion sample, it was possible to assign the
identity to all peaks found in the overlay of three commercially available lipid emulsions depicted in
Fig. 3.4. The figure is scaled from 4-17 min to only show the peaks of the FAs of interest, excluding the
unreacted fluorophore and the equilibration time at the end. The different FA compositions and extent
of certain FA species based on the origin of the oil can nicely be appreciated. To allow reasonable
comparison, all results are standardized to the two internal standards C15:0 (rt = 9.2 min) and C17:0
(rt = 13.5 min).

fluorescence signal

1
0 10 20
run time / min

Fig. 3.3: Chromatogram of Intralipid after separation of fluorescently-labelled fatty acids by HPLC.

Besides C15:0 and C17:0, tridecanoic acid (C13:0) was evaluated as internal standard but it eluted close
to eicosapentaenoic acid and a-linolenic acid, either of which is present in most lipid emulsion samples
studied. Most excipients commonly present in lipid emulsions were not affected by the fluorescence
labelling and did not result in a signal. The situation was different for Tween and Span co-surfactants

that were readily hydrolysed (already prior to high-pressure treatment during homogenization) and
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considerably contributed to the measured signal. A 2% solution of Span 20 (sucrose ester esterified with
C12:0) contained > 45 pM of C12:0 and shorter fatty acids, Span 40 (esterified with C16:0), Span 60
(C18:0 esterified) and Span 65 (3 times esterified with C18:0) each contained > 260 uM C16- and C18-
FFAs. Tween 40, Polysorbate 60 and Tween 65 (PEGylated version of Span 40, 60 and 65, respectively)
also showed considerable amounts of C16- and C18-FFAs, although to a lesser extent than the corre-
sponding Span equivalents (20-100 uM). Span 80 and Tween 80 (esterified with C18:1, Tween addi-
tionally PEGylated) contained amounts of 60 uM and 20 uM C18:1 FFAs, respectively. Tween 20
(C12:0-esterified) showed > 12 uM of C12:0 FFAs.

Tab. 3.2: Retention time of fatty acids obtained from individually running pure standards, sorted according to retention time.
C15:0 and C17:0 were used as internal standards in the analysis of the emulsions and oils.

Fatty acid standard Retention time + 0.1 min
C12:0, lauric acid 4.6 min
C20:5, eicosapentaenoic acid, EPA 5.2 min
C13:0, tridecanoic acid 5.6 min
C18:3 n—3, o-linolenic acid, ALA 5.8 min
C18:3 n—06, y-linolenic acid 6.3 min
C22:6, docosahexaenoic acid 6.4 min
C14:0, myristic acid 7.2 min
C20:4, arachidonic acid 7.3 min
C18:2 n—6, linoleic acid 8.2 min
C15:0, pentadecanoic acid 9.2 min
C16:0, palmitic acid 11.4 min
C18:1, oleic acid 12.8 min
C17:0, heptadecanoic acid 13.5 min
C18:0, stearic acid 15.7 min
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Fig. 3.4: Stacked FFA chromatograms of commercially available emulsions Omegaven and Intralipid as well as in-house
manufactured Formula #3 oil-based lipid emulsion after HPLC-separation, scaled to the two internal standards C15:0 and
C17:0, from 4 to 17 min. The peaks are annotated based on their retention time obtained from runs with pure standards
alone.

Quantification of FFAs in lipid emulsions

Standardization to the two internal standards and comparison with calibration curves established from
pure standards allowed the quantification of total FFAs in the tested lipid emulsion samples. A repre-
sentative comparison of Formula #3 emulsion samples spiked with increasing amounts of FFA to estab-
lish the calibration curve for the individual FFAs is shown in Fig. A1l in the Appendix. Results of com-
mercial references and in-house manufactured mimics with similar oil composition are shown in Tab.
3.3. Results are given as concentrations per emulsion volume as well as standardized to the oil mass of
the respective emulsion to account for the lower oil content in fish oil-based emulsions. The limit for
total FFA stipulated by the USP lies at 0.07 mmol per gram oil'®®; FFA levels of all in-house manufac-
tured emulsions and Intralipid were below this limit. There is a notable difference between the commer-
cial reference emulsions and the respective in-house mimics, though measured at different times within
their life cycle. Total FFA concentrations were an order of magnitude higher in the older, but not yet
expired commercial references. These measurements furthermore show a tendency that soybean oil-
based emulsions had the lowest FFA content in both commercial and in-house emulsions.
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Tab. 3.3: Measured FFA-levels in commercially available lipid emulsions and corresponding in-house manufactured emul-
sions mimicking their composition. Mean * standard deviation from n=3 (for in-house 20% SO-emulsion), n=9 (for 20% F#3
emulsion), or quantifications from a single batch (n=1).

Emulsion Total FFA

Intralipid 3.12 mmol (L emulsion)™ 0.016 mmol (g oil)”
Omegaven 7.04 mmol (L emulsion) 0.070 mmol (g oil)’
SMOFlipid 14.6 mmol (L emulsion)™! 0.073 mmol (g oil)"

20% Soybean oil (SO)-
based emulsion

10% Fish-oil (FO)-
based emulsion

20% SO/FO/MCT-
based emulsion

20% Formula #3 oil mix-
based emulsion

0.26 + 0.09 mmol (L emulsion)’  0.0013 + 0.0005 mmol (g oil)™!
0.47 mmol (L emulsion)™ 0.0047 mmol (g oil)”
0.69 mmol (L emulsion) 0.0035 mmol (g oil)”

0.83 £ 0.11 mmol (L emulsion)’  0.0042 + 0.0006 mmol (g oil)™

Apart from the total FFAs, also the individual FFA profile was analyzed. As shown in Tab. A5 in the
Appendix, as a general trend the relative percentage of free PUFAs was lower than the theoretical ex-
pectation from gas chromatographic analyses taking into account all (esterified and free) FAs, and in
turn the percentage of shorter and saturated FAs was higher than the reported percentage considering
esterified and free saturated FAs. This trend was observed in all three studied formulations, independent
of the oil type.

Determination of the limit of quantification

The extension of the calibration curves by serial dilution of stock solutions with known concentrations
and taking the injection volume into account allowed the determination of the limit of quantification
(Tab. 3.4). For all studied FA, the quantification limit was between 0.19 and 1.9 pmol and independent
of the retention time.

Tab. 3.4: Limit of quantification for studied fatty acids as determined from pure standards. Sorted according to the degree of
saturation and chain length as second criterion.

Fatty acid Limit of quantification
lauric acid (C12:0) 1.9 pmol
myristic acid (C14:0) 0.94 pmol
palmitic acid (C16:0) 0.19 pmol
stearic acid (C18:0) 0.94 pmol
oleic acid (C18:1) 0.38 pmol
linoleic acid (C18:2) 0.38 pmol
a-linolenic acid (C18:3 n—3) 0.94 pmol
y-linolenic acid (C18:3 n—6) 0.38 pmol
arachidonic acid (C20:4) 0.66 pmol
eicosapentaenoic acid (C20:5) 0.94 pmol
docosahexaenoic acid (C22:6) 0.38 pmol
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Influence of reactant concentrations

Fig. 3.5 shows the influence of reactant concentration in the labelling reaction on the obtained chroma-
tograms. The absolute measured signal in Fig. 3.5 A was reduced compared to a standard sample (1 x
fluorophore, 1 x emulsion volume, 1 x coupling agent) when only half the fluorophore dose was em-
ployed. Increasing the emulsion dose also reduced the absolute measured signal (lowest dark green trace
in A, particularly visible at rt of 9.2 min and 13.5 min), presumably due to competition between the
increased FFA levels already seen in the establishing of the calibration curves (as described above).
Increasing the coupling agent concentration on the other hand led to higher signal (dark blue trace, also
visible at 9.2 min and 13.5 min). When the traces were normalized to the two internal standards, depicted
in Fig. 3.5 B, no difference between the standard setup and the varied fluorophore- or coupling agent
concentrations was visible anymore. The traces with the increased emulsion volume in turn showed the

increased peak area from the increased total FFAs.

Increasing the concentration of the coupling agent allowed to reduce the incubation time from up to
24 hours in initial experiments down to 1 hour in the current setup. Prolonging the initial activation
period of 5 min when only the emulsion and the coupling agent are mixed prior to the addition of the
fluorophore did not change the signal. The stock solutions of FA standards for calibration or of the
internal standards were stable when stored in the freezer. The fluorophore solution was stable at room
temperature for longer than six weeks when protected from light. However, the coupling agent lost
activity when in solution at room temperature for longer than 2 hours.
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Fig. 3.5: Influence of reactant concentrations on the measured chromatograms of a model Formula #3 lipid emulsion. Abso-
lute fluorescence signal (4) and same data normalized (B) to the two internal standards C15 (rt = 9.2 min) and C17 (rt =
13.5 min). Reaction conditions as indicated by color codes in (A).

Total hydrolysis of oil samples

The FFA determination after total hydrolysis revealed some discrepancies to the expectations from the
CoAs (see Tab. 3.5), in particular for fish oil. Similar to the relative fraction of FAs found in emulsion
samples (Tab. AS), percentages of PUFAs with longer chain length were reduced compared to the the-
oretical calculations based on published values®® determined by gas chromatography. Saturated and
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monounsaturated FAs with shorter chain length in turn were increased compared to the calculated val-
ues. This trend was observed for all three studied oils, though less pronounced for soybean oil and For-
mula #3 oil mix. Due to the high signal at a retention time of around 7.2 min, it was not possible to
separately quantify C14:0 and C20:4 in fish oil.

Tab. 3.5: Relative FA composition of soybean, fish and Formula #3 oil mixture after total enzymatic lipolysis (45 minutes at
37 °C, 40 mg lipase added to 600 ul oil). List sorted for ascending FA chain length. Experimentally determined values in
comparison with values calculated from literature and CoAs of used oils.

Soybean oil experimental literature / CoA
C14:0 - 0-0.1%
C16:0, C18:1 43.5% 32-35%
C18:0 8.2% 4%

C18:2 41.5% 53-56%
C18:3 n—6 6.8% 7.8-8.1%
Fish oil experimental literature / CoA
C12:0 1.1% -

C14:0, C20:4 22.6% 4% + 2.5-2.8%
C16:0, C18:1 50% 32-35.4%
C18:0 12.7% 1.25-2.1%
C18:2 2% 3.4-4%
C18:3 n—3 - 4%

C20:5 6.6% 20.3-24%
C22:6 5% 17.5-24%
Others - 7%
Formula #3 oil experimental literature / CoA
C12:0 15.1% 12%

C14:0 7.1% 4.5%
C16:0, C18:1 46.5% 32.3%
C18:0 5.9% 0.9%

C18:2 5.3% 9.1%
C18:3n-3 20.1% 31.6%
others - 9.6%

3.4 Discussion

The work of Ueno et al.*'” and Toyo’oka et al.*'> built the starting point for this investigation. These
methods, published in 1999 and 1991, respectively, have several drawbacks and there has not been much
improvement in the past 20 years in the development of a fast, reliable and broadly applicable method
for the quantification of FFA in lipid emulsions. Both groups used the potentially toxic coupling agent
diethyl phosphorocyanidate. Today, alternatives with lower toxicity are available. The fluorophore
DBD-PZ has already successfully been used in combination with the coupling agent DMT-MM be-
fore*’, although this was for the detection of sialic acid derivatives in saliva and plasma samples.
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While Toyo’oka et al. showed the separation of odd-numbered FA chains, they did not use them as
internal standards. Use of non-naturally occurring synthetic FAs in our method allows the comparison
and correction of samples measured at different times. The retention time of C13:0 overlapped with
other FAs of interest and was thus unsuitable for this purpose. C15:0 and C17:0 on the other hand worked
well and in combination gave further confidence to balance out deviations from the sample preparation
process. Internal standards were used at a concentration of 10 uM each to avoid too broad peaks that
could overlap with signals from FAs from the sample.

The retention time of palmitic acid (C16:0) and oleic acid (C18:1) are similar in the presented method.
While it was possible to separate pure standards at low concentrations, typical quantities present in oil
samples exceeded these low concentrations and it was not possible to individually quantify palmitic and
oleic acid without either prolonging the method (at the cost of the sample throughput) or diluting the
sample further (with the loss of sensitivity for all other FA species). As the calibration curves of C16:0
and C18:1 were similar, we combined both peaks for analysis and used the calibration curve of palmitic
acid for quantification. Based on the fatty acid profiles of the used oil sources provided in the CoAs, the
expected content of C8:0 and C10:0 was negligible and did not justify prolongation of the method,
reducing sample throughput. Neglecting C8:0 and C10:0 results in an underestimation of the FFA levels
by <4 % (for Formula #3-based emulsions, stemming from coconut oil; none in other formulations
without coconut oil; based on the CoAs, under the assumption that during the degradation only triglyc-

erides are hydrolysed and no C2-units are lost).

The limit of total FFA stipulated by the United States Pharmacopoeia'® is 0.07 mEq (g of oil)". All of
the in-house manufactured lipid emulsions were below this level. Values in commercially available
emulsions are higher, presumably due to the addition of 0.3 g sodium oleate per liter of emulsion as
stabilizer to Omegaven and SMOFlipid'?®, thus accounting for 1 mmol (L emulsion)™’ (equal to 0.005-
0.01 mmol (g oil)") already. In our analysis, soybean oil-based emulsions showed lower values than the
other formulations based on a different oil source, though this needs to be confirmed as the sample

number was low.

The final conditions of the labelling reaction, with incubations at room temperature and using acetoni-
trile as solvent, were considered mild enough to assume that no further hydrolysis occurred during the
labelling reaction. It was challenging to find a solvent which was both miscible with the lipid emulsion
and able to dissolve the apolar saturated fatty acids with long carbon chains such as stearic acid (C18:0).
An additional challenge was to avoid precipitation on the column when eluting with high aqueous con-

tent. To overcome these issues, acetonitrile was chosen as apolar solvent.

Extraction of the lipid phase of the emulsions prior to the labelling reaction was not necessary; the
method was sensitive enough and the required amount of lipid emulsion was sufficiently low to yield a
transparent mixture with the reagents posing no issue for signal quenching due to the opacity of the
emulsion. The determined limit of quantification was on average 200-fold higher than the values re-

ported by Ueno et al.*'’, but were still considered sufficient for our purposes.

The concentration of the coupling agent had the strongest influence on the measured absolute fluores-
cence signals. Introduction of two internal standards for normalization allowed to correct for changed
labelling reaction conditions. The required emulsion volume was successfully lowered so that 7.5 pul of
emulsion is sufficient for the quantification of FFAs present in the emulsion.

A suitable reference determination method for validation of the measured values (mass spectroscopy,
gas chromatography) is still pending.
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3.5 Conclusion

The presented method provides a valuable contribution for the quality control of lipid emulsions in-
tended for parenteral nutrition. Especially for application in pre-term infants, it is crucial to keep FFA
levels as low as possible, as competition for binding of bilirubin to albumin may aggravate the toxic
effects arising from hyperbilirubinemia. The method utilizes minimal sample volumes of 7.5 ul lipid
emulsion to reproducibly quantify individual FFA species after just 90 min analysis time. The limit of
quantification is in the single-digit or sub-pmol range for the most commonly encountered natural FA
species. Compared with previous reports on the labelling of FFAs or quantification by fluorescence
detection after separation by HPLC, highly toxic reagents were replaced, sample consumption was re-
duced by a factor of 130 and the use of the costly fluorescent dye was lowered by a factor of 4. Increasing
the concentration of the coupling reagent allowed to shorten the reaction time for labelling, and together
with the accelerated HPLC method reduced total analysis time by a factor of 2.9 to increase sample
throughput. Validation of the quantification by comparison with the official titrimetric method or a GC-
MS method remains to be done.
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4.1 Introduction

Currently available lipid emulsions for parenteral nutrition are associated with considerable adverse
effects in prolonged use.’®*”'” Parenteral nutrition is indicated in conditions where uptake of nutrients
is impaired such as short bowel syndrome® or when enteral nutrition is not tolerated yet in pre-term
infants.® These patients are already severely weakened and do not tolerate further harm from adverse
therapy effects. We thus aim at developing novel lipid emulsions with reduced adverse effects.

The most commonly observed adverse effects, collectively termed intestinal-failure associated liver dis-
ease (IFALD), manifest as cholestasis progressing to cholelithiasis, hepatic steatosis inducing hepatic
fibrosis, with the potential of ultimately developing liver cirrhosis.”'***! The term IFALD is used for
diseases of the liver and gall bladder/bile duct when parenteral nutrition is used and other causes can be
excluded. The etiology for the development of IFALD is not fully elucidated. A certain genetic suscep-
tibility?**** is proposed, but there is also strong evidence that it is based on the nature of the adminis-

tered oil 8434931

%%: While oils rich in n—6 polyunsaturated fatty acids (PUFA) elicit pro-inflammatory
effects, oils rich in n—3 PUFA rather resolve inflammatory states. This has been explained through the
production of either pro-inflammatory (upon administration of n—6 PUFAs) or anti-inflammatory (n—3
PUFAs) mediators in the body, as elaborated in detail in the General Introduction.”*>'? Since the human
body lacks the converting enzyme Al5-desaturase, there is no switch between the two metabolic path-
ways possible and the choice of the supplementation of the respective oil source directly determines the
immune response.?’* Moreover, a strong link between the development of IFALD and high phytosterol

levels‘)l,lOO—lOZ 9,22,100

as well as low a-tocopherol levels — stemming from the used oil type — has been
found. The most commonly used parenteral lipid emulsion in clinics is Intralipid, derived from soybean
0il.**! Soybean oil in turn is especially rich in phytosterols and n—6 PUFA. With emulsions based on
fish oil rich in n—3 PUFA, rather anti-inflammatory effects are found clinically. However, the use of
large quantities of fish oil is not sustainable®®*** bears the risk of exposure to lipid-soluble toxins
accumulated via the food-chain and we thus sought to develop lipid emulsions based on plant-derived

oil sources rich in n—3 PUFA, but low in phytosterols.

Based on literature search, a composite mixture of three oil types was designed (Dr. Eliana Lucchinetti)
in the framework of an interdisciplinary Sinergia team grant (no. 177225) by the Swiss National Science
Foundation. Half of the lipid dose comprises the oil of Buglossiodes arvensis, commonly termed corn
gromwell. This oil marketed under the trade name “Ahiflower” by the Canada-based company Nature’s
Crops is rich in short-chain n—3 PUFAs (total 66% of fatty acids, FA), particularly high in a-linolenic
acid (C18:3 n—3, 43%) and stearidonic acid (C18:4 n—3, 20%).9>**% Ahiflower oil is inherently low in
phytosterols, compared to soybean oil, and should thus pose less risk of promoting the development of

IFALD.* Ahiflower oil was tolerated well by humans after ingestion®**

and elicited anti-inflammatory
responses after oral supplementation.?” The total percentage of saturated fatty acids (SFA) is only 5%.
Most (95%) of the FAs in Ahiflower oil are C18 and longer carbon chains. To compensate for the lack
of short- and medium chain triglycerides (MCT), which provide readily available energy, coconut oil
with > 80% of FAs of 14 carbon atom chain length and shorter was added to the formula.”**** To
provide essential n—9 FAs without disturbing the n—6 to n—3 balance, one quarter of olive oil was added.
Due to the high PUFA content, the oil mixture was highly susceptible to oxidative degradation and

counteracting excipients were needed.

Another influencing factor for IFALD is the infusion rate.”>®” Excess infusion rates > 1.5 ml/kg body
weight per day also promote the development of IFALD, but are in certain situations needed to meet the
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energy requirements. In these situations, lipids are not uniformly distributed in the body to cover the
energy expenditure, but rather deposited in the liver as fat storage, further promoting steatosis and wors-
ening the effects on the liver. We thus also aim at developing formulations with a balanced tissue dis-
tribution. To confirm the tissue distribution, experiments with radioactively-labelled triglycerides were

performed to check for the influence of the oil type on the distribution behavior.*****?

The goal of this part of the work was to develop a stable lipid emulsion for parenteral nutrition consisting
of the lipid formula described above. The identified major challenges were the high content of PUFAs,
which are highly susceptible to oxidation, and the intended long-term use of the emulsion. The excipi-
ents thus had to meet strict requirements. They should physically stabilize the emulsion, reduce PUFA
oxidation, and at the same time be well tolerated by the organism under long-term use. The in vivo
distribution of the final emulsion was studied in mice, in comparison with Intralipid. In this part, we
focus on the choice and concentrations of the excipients, while the optimization of the manufacturing
processes is described in Chapter 6, “Identification of Optimal Manufacturing Setup for the Production
of Lipid Emulsions by High-Pressure Homogenization with Minimal Oxidation Products”.

4.2 Methods

Production of the lipid emulsions

Lipid emulsions were produced by wetting 1.2% surfactant as indicated (shown in Tab. 4.1) in 20% of
final volume purified water (NANOpure Diamond™ Barnstead, Thermo Scientific, Waltham MA,
USA) and let to swell in a water bath at 45 °C for 2 hours. Surfactants in the concentration range indi-
cated in Tab. 4.1 were either used alone or in combination to stabilize the oil-in-water emulsions. For
the production of supply for in vivo studies in the final composition, certified endotoxin-free water was
used (EMD Millipore, Billerica MA, USA or Cytiva HyPure™ Cell Culture Grade Water, HyClone™,
Cytiva, HyClone Laboratories, Logan UT, USA). Use of commercial certified endotoxin-free water as
starting material proved to be most effective to yield endotoxin-free emulsions. Technologies to remove
endotoxins (GenScript ToxinEraser™ Endotoxin Removal Kit, Cat. No. L00338) based on filtration
through a column with an active resin capturing endotoxins were inefficient in our pilot trials. Presence

of endotoxins was thus best prevented by a “Quality by design” approach.

After the swelling, glycerol (99+%; Acros Organics, New Jersey, USA) was added at 2.2% final con-
centration as isotonicity agent. Chelator substances or buffer salts according to Tab. 4.1 were added to
the aqueous phase pre-mix at this step. Chelator substances were included in the formulation to capture
metal ions present in the formulation from contact with the machine. Metal ions could lower the activa-
tion energy required for the initiation step and thereby promote oxidative degradation of polyunsaturated
fatty acids.”?7%**_ Buffer components were included to stabilize the pH. Excipients were whenever
possible chosen from the FDA inactive ingredients list to ensure regulatory compliance.
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Tab. 4.1: Evaluated excipients

Type of excipient

Supplier

Purity/characteristics

Used concentra-
tion range

I. Surfactants
a. Lecithins

Egg phospholipids
E 80 Lipoid GmbH, Ludwigs- 80% egg phosphati-  0.6-2.5% (most
hafen, Germany dylcholine (PC) typically 1.2%)
E80S Lipoid 70% egg PC 1.2-2.5%
- 0, 1 -
L eeififn B @ Carl Roth GmbH, Karls- 70% egg PC, for bio 1.2%
ruhe, Germany chemistry

s PanReac AppliChem, o o
Lecithin from egg Darmstadt, Germany 60% egg PC 1.2%

o Tokyo Chemical Indus- o o
Lecithin from eggs e, Tleye, Jeyaai liquid 1.2%
Soybean phospholipids
S 100-3 Lipoid >94% soybean PC 1.2%
Soybean 90 PanReac 90% soybean PC 1.2%

. Cargill, Minnetonka o o
Epikuron 200 MN, USA 92% soybean PC 1.2%

. . PC-enriched fraction o
Epikuron 145V Cargill of soybean lecithin 1.2%
Other vegetable phospholipids
H 100 Lipoid >90% sunflower PC ~ 19.6%
Canola Lecithin IVOVITAL, Burgdorf, Rapeseed lecithin 50

Germany powder
b. Phospholipids
1,2-Distearoyl-sn-glycero-3-
phospho-rac-glycerol, so- Lipoid 100%, synthetic 0.66 mM
dium salt (DSPG-Na)
1,2-Dipalmitoyl-sn-glycero-
3-phospho-rac-glycerol, so-  Lipoid 100%, synthetic M
dium salt (DPPG-Na)
c. Sucrose Esters
Tween 80 S1gma-A1dr10h, Buchs, 0.35%
Switzerland
Fisher Scientific, Wal- o
Tween 80 tham MA, USA 0.35%
Tween 20 Sigma-Aldrich 0.3%
Span 80 Sigma-Aldrich 0.35%
d. Free fatty acids
Sodium Oleate B Lipoid 0.03%
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e. Other synthetic co-surfactants
BASF, Ludwigshafen,

Kolliphor HS15 Gy 5-25 mg/ml
f. Proteins
Casein Flu.ka, mel, from bovine milk 1.5%
Switzerland
Casein sodium salt Sigma-Aldrich From bovine milk 1.5%
II. Chelator substances
Ethylenediaminetetraacetic disodium salt dihy-
acid (EDTA) S e drate, >99% 2.5-25 M
Sodium citrate Hapseler AG, Herisau, Ph. Eur. 5-50 uM
Switzerland
I11. Buffer substances
Tris-buffer Sigma-Aldrich >99.9% 50 mM
Sodium hydrogen carbonate ~ Fluka puriss. p.a. 0.83-3.3 mM
IV. Antioxidants
a. Tocopherols
~ 0
a-tocopherol Sigma-Aldrich Type V DT ~BUIIO A
(v/v)
a-tocopherol Tokyo Chemwal >97.0% 0.016% (v/v)
Industries
y-tocopherol Sigma-Aldrich >96% 0.01% (v/v)
_ 0
d-tocopherol Sigma-Aldrich >90% 0.0053-0.016%
(v/v)
b. Other antioxidants
Ascorbyl palmitate Sigma-Aldrich >99% 1 mM

Tokyo Chemical Indus-

Dodecyl gallate tries

Next, 20% lipid phase (“Formula #3 oil mix”’) consisting of 50% Natures Crops Ahiflower oil (Natures
Crops, Kensington PEI, Canada), 25% coconut oil (Bioriginal, Saskatoon SK, Canada) and 25% olive
oil (LIPOID purified olive oil, Ph. Eur.; Lipoid AG, Steinhausen, Switzerland) was added. a-Tocopherol
or other antioxidants were added to scavenge free radicals, thereby reducing lipid oxidation and also
reducing harm to the body elicited from oxidative stress by oxidized lipids.'®!'*!*12"" The evaluated
antioxidants are shown in Table 1. They were added alone or in combination at a total final concentration
0f 0.016% (v/w). Purified water was added to reach the final volume (50 ml for pilot batches for excip-
ient screening, 350 ml for in vivo studies). The coarse emulsion was processed by high-pressure homog-
enization on a ShearJet HL60 (Dyhydromatics, Maynard MA, USA) equipped with a 75.1T reaction
chamber for 6 cycles at a set process pressure of 22 kpsi (1517 bar).

Cleaning of the HPH to prevent microbial contamination and lipid oxidation
Prior to processing the product, the HPH was washed with acetone, isopropanol and 0.5 M NaOH to
mobilize and rinse out any microbial contamination. However, this cleaning protocol affected the
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oxidative stability of lipids. We suspect a roughening of the stainless steel surface of the HPH through
the strong organic solvents. As a consequence, divalent metal ions such as iron(Il) get eluted from the
surface into the product. In the emulsion, they can also act as radical initiators and further promote the
oxidative degradation.?*®2**3%° Thus, an additional cleaning step with a concentrated EDTA solution was
introduced to ideally capture all mobilized metal ions into the EDTA solution. This again improved the
situation. In preliminary experiments, a negative impact of residual organic solvent or base on the emul-
sion itself was ruled out. Simple pipetting together of either of them with a processed emulsion, without
processing on the HPH, did not lead to increased oxidation. At excessive organic solvent levels though,
the physical stability was impaired.

Sterilization of the emulsions and tests for microbial growth and endotoxins

The pH-value of the emulsion was adjusted to 8.5-9.5 with 1 M NaOH. Emulsions were filled in glass
vials, the headspace was covered with inert gas (Argon 5.0, PanGas AG, Dagmersellen, Switzerland)
and the vials were crimped. Emulsions were sterilized by autoclaving for 15 min at 121 °C at 2 bars
(Systec DE-23, Systec GmbH, Linden, Germany). Absence of microbial growth (membrane-filtration
method Ph Eur 2.6.1)!” and endotoxins (< 0.1 IU/ml, Charles River, Dublin, Ireland, gel-clot method
Ph Eur 2.6.14)'7® were confirmed at FDA-approved laboratory Bioexam AG, Lucerne, Switzerland. Be-
cause of the cost for this analysis and no suspected influence on other parameters (not affecting physical
or chemical stability) relevant for the development of the formulation, this analysis was only performed
on batches intended for in vivo experiments. For in-house determination of endotoxins, a commercial
kit based on the gel-cloth method was utilized (GenScript ToxinSensor™ Single Test Kit,
Cat. No. L00450).%¢ Although the gel-clot assay is not the gold-standard for endotoxin-testing, use of
the chromogenic assay was not possible due to the opacity of the emulsion.'”” This is a common issue
in the quality control of lipid emulsions. Through the high lipid concentration (10-20%) and the droplet
size > 100 nm, there is interference with the wavelength of natural sunlight, the light is diffracted at lipid
droplets and the emulsion occurs white-opaque. This in turn renders all optical determination methods
ineffective, as all light transmission is reduced, not just of a specific wavelength. Normally, in all injec-
tions, the absence of visible particles needs to be tested.'”® Due to the opacity, this cannot be tested here.

Haemolytic activity

Prior to in vivo experiments, the haemolytic potential of sterile and endotoxin-free batches of our emul-
sions intended for in vivo application was assessed by our project partners (group of Prof. Hersberger,
University Children’s Hospital, Zurich). Full human blood from donors was incubated with emulsions
between 10 uM and 10 mM oil concentration for 24 and 96 hours and the absorbance was read at a
wavelength of 544 nm. The reading was compared to 0.1% Triton as positive control. Occurrence of a
turbid supernatant would be a positive signal, indicating that the emulsions lead to the rupture of red
blood cells due to hyperosmolarity, toxicity of excipients or excessive degradation products from oxi-
dation of unsaturated lipids. To further test for cytotoxicity, emulsions at oil concentrations between 0.1
mM and 5 mM were again incubated with CD4" T-cells isolated from peripheral blood mononuclear
cells and after 18 and 48 hours incubation time, the cell viability was determined by flow cytometry.
The incubation with live cells actively metabolizing the surrounding medium reflects the in vivo situa-
tion better and is thus more likely to show toxic effects.

Droplet size distribution

Droplet size was measured by dynamic light scattering (DLS, Malvern Zetasizer 3000 HS A, Malvern
Instruments, Malvern, UK). DLS measurements are reliable for sizes up to 1000 nm.'**'®” To ensure
compliance with the PFATS requirement set by the United States Pharmacopoeia, that the number of
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droplets above 5 pm must not exceed 0.05%, scanning electron microscopy pictures and transmission

192-194,337-340

electron micrographs were taken according to , showing the morphology of the emulsion

with the final composition, intended for in vivo use.

Physical stability

To compare the stability of different formulations and get valuable information already upfront, emul-
sions were exposed to accelerated storage conditions. Emulsions were exposed to increased acceleration
forces in a centrifuge-like setup. In a LUMiFuge (LUM GmbH, Berlin, Germany), a fusion of a centri-
fuge and a spectrometer, the distance-resolved transmission of a sample can be measured after every
rotation.'*'”* An undiluted lipid emulsion sample with high lipid content is usually opaque (transmis-
sion near (), but upon phase separation, the transmission of the aqueous phase increases. A measured
increase in transmission thus indicates phase separation and by exposing different formulations to mod-
erate stress conditions, the physical stability can be compared by observing phase separations that would
not occur before 3-6 months under non-stressed conditions. Selected batches in the early phases of the
development were exposed to accelerated conditions to observe influences of added excipients on the
physical stability.

By increasing the temperature, degradation processes can be accelerated. According to Arrhenius law,
the temperature determines the reaction rate.”*>**!**> Emulsions instead of being stored at 4 °C (prior to
autoclaving, in glass without protecting gas atmosphere or plastic containers potentially permeable for
atmospheric oxygen) or room temperature in the dark (after autoclaving, in sealed glass vials under
argon protection atmosphere) were kept at 40 °C in a thermal cabinet to accelerate physical and oxidative
degradation. Droplet size and degradation products from oxidative processes were monitored at several
time points.

Quantification of primary and secondary oxidation products and free fatty acids
The primary oxidation products were quantified according to the mFOX assay, described in Chapter 2,
“Quantification of Lipid Oxidation Products in Lipid Emulsions Requiring Minimal Sample Volume”.

Secondary oxidation products were quantified according to the TBARS assay, described in Chapter 2,
“Quantification of Lipid Oxidation Products in Lipid Emulsions Requiring Minimal Sample Volume”.

Where no appropriate limits were available from pharmacopoeial standards, comparison and bench-
marking to currently marketed formulations were performed. Intralipid is the most widely used intrave-
nous lipid emulsion, consisting of 20% soybean oil. Omegaven is a 10% fish-oil based lipid emulsion,
rich in n—3 PUFAs. Both formulations are marketed by Fresenius Kabi, Bad Homburg, Germany.

Total free fatty acids were quantified by fluorescence detection after labelling with a fluorophore and
separation by high-pressure liquid chromatography, presented in Chapter 3, “Determination of Free
Fatty Acids in Lipid Emulsions by Fluorescence-Detection Based High Performance Liquid Chroma-
tography”.

Emulsion labelling with tritiated lipids

A Formula #3 oil-based emulsion and Intralipid as a commercial emulsion were spiked with tritiated
lipids to follow their distribution in vivo. We first evaluated a simple spiking protocol with minimal
instrument contamination. As simplest incorporation method, vortex mixing (30 sec) was evaluated. We
assumed that the tritiated triglyceride, fatty acid or phospholipid molecule distribute spontaneously into
the lipid phase of the emulsion to minimize energetic interactions.
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Tracer incorporation was evaluated by size exclusion chromatography and equilibration shaking. For
size exclusion chromatography, unlabeled emulsion, tritiated lipid in an ethanol-toluene mixture (1:1,
for *H-triolein and *H-phosphatidylcholine) or pure ethanol (for *H-palmitic acid), or the tritiated lipid
incorporated into the emulsion by vortex mixing for 30 seconds, was loaded onto a PD-10 (GE
Healthcare, Chicago IL, USA) column and eluted with distilled water. Fractions were collected and
mixed with scintillation liquid (Ultima Gold, Perkin Elmer, Waltham MA, USA) for radioactivity meas-
urement in a Packard Tri-Carb 2250 CA liquid scintillation counter (Packard BioScience, Meriden CT,
USA).

For in vitro distribution studies, trace amounts of tritiated lipids (*H-triolein, *H-TO, 37 MBg/ml; *H-
palmitic acid, *H-PA, 370 MBq/ml; *H-phosphatidylcholine, *H-PC, 37 MBg/ml; all from American
Radiolabeled Chemicals, Saint Louis MO, USA) at a final concentration of 37 kBq (in 1 pl ethanol:tol-
uene 1:1 for *H-TO and *H-PC or 0.1 ul ethanol for *H-PA) were added to 200 pl aliquots of lipid
emulsions and vortex-mixed for 30 sec in glass vials. Labelled lipid emulsions were mixed in a 1:5 ratio
with either phosphate buffered saline pH 7.4 (PBS, prepared from 10 mM sodium hydrogenphosphate
[heptahydrate, p.a., ACS, 98-102%, Merck, Darmstadt, Germany], 1.8 mM potassium dihydrogenphos-
phate [purum p.a., >99.0%; Sigma-Aldrich], 0.137 M sodium chloride [puriss. p. a., 299.5%; Sigma-
Aldrich] and 2.7 mM potassium chloride [puriss. p. a., >99.5%, Sigma-Aldrich,]) or PBS + 4% bovine
serum albumin (cold ethanol fraction, >96%; Sigma-Aldrich). Mixtures were then constantly shaken at
room temperature for 0, 10 or 60 minutes and phases were separated by centrifuging at 15’000 g for
15 min (Beckman GS-15R, Beckman Coulter). Separated phases were mixed with scintillation liquid
(Ultima Gold, Perkin Elmer) in a 1:4 ratio and radioactivity was measured on a Packard Tri-Carb 2250
CA liquid scintillation counter (Packard BioScience, Meriden CT, USA).

In vivo distribution of the emulsions

The tissue distribution was studied for the lead Formula #3 lipid emulsion in comparison to commercial
Intralipid (Lot 16NE4266, Fresenius Kabi). In vivo studies were performed in 10-12 weeks old male
C57BL/6NCrl mice (Charles River, Sulzfeld, Germany) with a body weight between 22.0 and 27.9 g.
The lead formulation with 0.016% oa-tocopherol and 2.5 uM EDTA was vortex-mixed for 30 seconds
with 37 kBq (in 1 pl ethanol:toluene 1:1 for *H-TO or 0.1 pl ethanol for *H-PA) of a tritiated lipid (*H-
TO, 37 MBg/ml or *H-PA, 370 MBq/ml; both from American Radiolabeled Chemicals) and either 50
or 100 pul (10 or 20 mg triglycerides) were administered intravenously by bolus injection to the tail vein.
After 10 min and 60 min, respectively, animals were anesthetized with isoflurane and euthanized by
decapitation under deep anesthesia. Organs were dissected and digested with SOLVABLE (Perkin
Elmer) and decolorized according to the manufacturer’s instructions. After complete tissue lysis and
decoloration, scintillation liquid (Hionic-Fluor, Perkin Elmer) was added and radioactivity was meas-
ured on a Packard Tri-Carb 2250 CA liquid scintillation counter. Standardized uptake values (SUV)
were calculated as the ratio between the injected activity per body weight (Bg/g) and the detected activity
per tissue weight (Bq/g). All animal studies were approved by the cantonal authorities and carried out
in accordance to national legislation (license ZH203/2019).

4.3 Results

Choice of surfactants and oil-to-surfactant ratio

In preliminary experiments, emulsions produced from soybean lecithin (characterized by >90% phos-
phatidylcholine, PC) yielded droplet sizes above 400 nm while egg-lecithin (60-80% PC) based emul-
sions lead to droplet sizes between 270 and 320 nm. Also other plant-derived lecithin sources
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(sunflower, rapeseed) did not produce the desired droplet size of 250-300 nm. The total surfactant con-
centration and its ratio to the oil concentration had an effect on the droplet size. Droplet size increased
with increasing oil-to-surfactant ratios. Use of co-surfactants (Tween, Span, Kolliphor) reduced the
droplet sizes at constant homogenization energy (process pressure and cycle count). The oil type (or the
combination with lecithin from a different source) influenced the droplet size as well, soybean oil-based
emulsions led to droplet sizes > 350 nm, regardless if soybean or egg lecithin was used as surfactants.
Ahiflower oil included in the Formula #3 oil mixture in combination with egg phospholipids with < 80%
PC did not increase the droplet size beyond the desired range and it was possible to manufacture 20%
lipid emulsions mimicking the 270-300 nm size range set by commercially available reference emul-
sions Intralipid and Omegaven. The fatty acid sodium oleate did not stabilize lipid droplets nor lead to
reduced droplet size despite evidence from literature.”>*** Kolliphor HS15 is a pegylated stearate, ex-
ploiting the effect of steric repulsion to stabilize emulsions apart from the fatty acid as emulsifier.>’***
347 Use of Kolliphor HS15 stabilized the emulsion (longer induction time until the occurrence of phase
separation), but its effect could be traced back to the increased total surfactant concentration and did not
justify inclusion in the formulation at the cost of increased complexity. To avoid issues arising from
toxicity induced by continuously infused high surfactant concentrations, it was decided to refrain from
synthetic co-surfactant (Tween, Span) and limit the total surfactant concentration at 1.2% of the final
volume. The egg phospholipids Lipoid E 80, E 80 S and products from other suppliers (Roth, PanReac)
revealed stable emulsions of similar characteristics. The animal protein surfactant casein was not further

evaluated due to the potential of eliciting allergic reactions when used in parenteral emulsions.

Emulsions stabilized with 1.2% egg phospholipids were physically stable at room temperature (after
autoclaving, stored under protecting gas atmosphere in glass vials) for around 6 months, when first signs
to creaming started to appear.

Excess infusion rates can promote the development of inflammatory adverse effects (see General Intro-
duction). To meet the nutritional requirements and minimize infusion rate to also prevent harmful effects
from fluid overload'** (chronically increased blood pressure), higher lipid concentrations are preferred.

We, therefore, fixed the oil concentration at 20% for future experiments.

Stabilization of the emulsions for autoclaving

Initial emulsions showed a declining pH-value over time, typically from around 5 (non-adjusted) to 3.5
within 30 days or 7.5-8 (adjusted) to 4 within 90 days. Addition of buffering substances (Tris-buffer,
sodium hydrogen carbonate) increased droplet size and promoted physical instability (visual assessment
as well as measurement by LUMiFuge). Autoclaving of the initial formulations resulted in phase sepa-
ration. Addition of 0.66 mM phosphoglycerols DSPG and DPPG as net negatively charged phospholip-
ids to the lecithin to modified the {-potential and thereby stabilize the emulsion did not prevent phase
separation. Adjusting the pH-value with 1 M sodium hydroxide to 8.5-9.5 before autoclaving, a method

frequently used to stabilize emulsions,"**!'"

resulted in a decrease of the {-potential from between -10
and -20 mV to below -30 mV, ultimately leading to physically stable emulsions upon autoclaving. To
alleviate negative effects from the thermal stress on the oxidations of polyunsaturated fatty acids, the
head space was flushed with inert gas atmosphere prior to autoclaving. All autoclaved emulsions were
sterile and if endotoxin-free water was used as starting material also tested negative (< 0.1 EU/ml) for

endotoxins.

FORMULATION DEVELOPMENT OF LIPID EMULSIONS | 55



Protection against lipid oxidation

The Formula #3 was highly susceptible towards oxidative degradation, leading to increased oxidation
values prior to the addition of excipients compared to commercial references. The chelators EDTA and
sodium citrate were evaluated for their ability to reduce oxidation. Sodium citrate disturbed the pH-
value of the formulation and impaired droplet size and physical stability. EDTA on the other hand ef-
fectively lowered the primary (assessed by mFOX-assay) and for higher concentrations also drastically
the secondary (measured by TBARS-assay) oxidation products, as detailed in Fig. 4.1. To avoid inter-
ference with trace element homeostasis under daily parenteral nutrition therapy, the dose of EDTA was
limited at 2.5 pM final concentration. Tocopherols (a-, y- and d-isoforms of vitamin E) were evaluated
as possible lipid-soluble antioxidants. Although in literature different antioxidant potencies are re-

d?643483% "in preliminary studies we found similar efficiencies (also among manufacturers) and

porte
decided for cost reasons to work with a-tocopherol. In commercial formulations, a-tocopherol originates
from the oil , is directly added or results from both.***° We chose a similar approach and added a-
tocopherol at similar amounts when standardized to the degree of unsaturated fatty acids present in our
emulsions. As depicted in Fig. 4.1, the intermediary level proved to be the most beneficial to lower the
degree of oxidation. The lipid soluble form of vitamin C, ascorbyl palmitate, however, interfered with
the pH and emulsion stability; the plant-derived antioxidant dodecyl gallate besides only limited effect
on lowering the oxidation products led to a dose-dependent increased in droplet size and thus was also

not suitable for our purposes.
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Fig. 4.1: Effect of chelating agent EDTA and antioxidant a-tocopherol at different dose levels on primary (A) and secondary
(B) oxidation products. Bars, average of two emulsions (symbols: individual values).

Characteristics of the final emulsion

The characteristics of the lead formulation with 1.2% Lipoid E80, 2.5 uM EDTA, 0.016% (v/v;
152 mg/L) a-tocopherol and 20% Formula #3 oil mixture are summarized in Tab. 4.2 in comparison to
marketed formulations Intralipid and Omegaven. In-house manufactured emulsions were characterized
within 5 days after manufacturing, while the commercial formulations were characterized after obtaining
them with unknown duration since the production, but all within the proposed shelf life. The droplet
size could well be mimicked, the size distribution as measured by the polydispersity index (PDI) was
below 0.1, indicating a narrow distribution. The pH-value complied with the requirements for intrave-
nous infusion. Primary oxidation products as assessed by the mFOX-assay were above the level of In-
tralipid, but below the values of Omegaven, which in terms of degree of unsaturation represents our
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Formula #3 emulsion better. The secondary oxidation products were higher than in Intralipid but in the
range of Omegaven, while the free fatty acids (FFA) were substantially lower than in the reference

emulsions. No haemolysis or reduced cell viability were observed in vitro.

Tab. 4.2: Physical and chemical characteristics of lead Formula #3 oil emulsion (n=9, + standard deviation, SD) in compari-
son to commercially available references Intralipid and Omegaven (data from n=1 batch,).

Intralipid Omegaven Formula #3 (n=9, mean + SD)

droplet size / nm 285.6 247.8 286 + 2
PDI 0.018 0.0672 0.04 £0.02
pH 5.31 6.29 7.43+£0.14
mFOX (1° oxidation products)

. . . 30+0.
/ mEq 05 (kg oil)” 0.67 5.13 1.30 £ 0.24
MIEVALS (2 ORENENPOUTER) g g 35.51 432480
/ pmol (kg oil)
total FFA / mmol (kg oil)™! 15.6 70.4 4.16+0.57

Droplet-size distribution

The average droplet size was below 500 nm and complied with the requirements set by the USP.'® In
the representative scanning electron micrographs in Fig. 4.2 and Fig. 4.3, the dynamic light scattering
measurements was confirmed and the absence of particles > 5 pm was demonstrated. Some artifacts
from the freeze-fracture sample preparation process were visible, indicated with yellow arrows, and
some smaller than the average droplets (possibly phospholipid-only liposomes, red arrows) while only
one droplet > 800 nm was found in 30 pictures (highlighted with a blue arrow in Fig. 4.3). A transmis-
sion electron micrograph showing a single multilamellar vesicle is shown in the Appendix (Fig. A2).
Representative micrographs of Intralipid and Omegaven are given as references in Fig. A3-Fig. A6 in
the Appendix. Also there, a similar distribution was found and DLS measurements could be verified.
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Fig. 4.2: High-magnification scanning electron microscopy picture of standard-sized Formula #3 emulsion with marked very
small droplets (red arrows) and artifacts from the sample preparation (yellow arrows).
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Fig. 4.3 Low-magnification scanning electron microscopy picture to show regulatory compliance with PFATS requirement:
Only a single lipid droplet in the range of 800 nm (blue arrow) is visible.
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No differences in the subjective, qualitative observation of the viscosity of the manufactured lipid emul-
sions with the one of the commercial references have been found as long as the lipid part was not in-

creased above 30% or the phospholipid content above 10%.

Incorporation of tritiated lipids into the emulsions

Vortex-mixing of the final emulsions with the triglyceride tracer (*H-TO) efficiently incorporated the
tracer into the lipid phase as evaluated by the equilibrium shaking method and shown in Fig. 4.4. The
fatty acid tracer *H-PA distributed to ~ 60% to the lipid phase when tested against PBS. In the presence
of BSA, the fraction found in the lipid phase was reduced to 20%, in agreement with the binding of
FFAs to albumin. Because of the presence of albumin in plasma, this tracer is not a valid molecule to
reliably follow the distribution of the lipid phase upon in vivo administration of the emulsions. The
phospholipid tracer *H-PC did not show binding to albumin and on average 50% of the activity was
found in the lipid phase when tested against PBS or BSA/PBS. This was not considered sufficient for
following the emulsion droplets in vivo. Size-exclusion chromatography comparing the elution times of
the tracers with or without incorporation into the emulsions, depicted in Fig. A7 in the Appendix, con-
firmed these findings.
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Fig. 4.4: Distribution of tritiated lipids between the lipid phase of Formula #3 lipid emulsions and an aqueous phase. Fraction
of recovered activity in the lipid phase at different time points (0°, 10 or 60°, as indicated) after shaking the lipid phase
containing the tracer with PBS (PBS) or PBS containing 4% BSA (BSA). 3H-PA, *H-palmitic acid; *H-PC, 3H-phosphatidyl-
choline; H-TO, *H-triolein.

In vivo distribution of the emulsions in mice

Formula #3 lipid emulsion and Intralipid were spiked with *H-TO and injected intravenously in mice.
Doses were 50 and 100 pl each of non-diluted emulsion. Mice were euthanized under anesthesia at 10
or 60 min after injection and dissected. These were pilot experiments; each condition was only studied
in one mouse each. The results are shown in Fig. 4.5 and Fig. 4.6. The following trends were observed:
Formula #3 lipid emulsion cleared faster from blood/plasma than Intralipid. This was also seen from the
milky appearance of plasma at 10 min after injection of 100 ul Intralipid but not of Formula #3. The
SUV was highest in lung for both emulsions with higher lung uptake for Formula #3 than Intralipid.
Lung uptake was higher at the lower dose for both emulsions, pointing to a potentially saturable uptake
mechanism in lung. Pre-administration of 50 pl unlabeled emulsion prior to administration of equal

volume of labelled emulsion (Fig. A8) reduced the accumulation of Formula #3 in lung as compared to
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the 50 ul dose without pre-administration (Fig. 4.6). The distribution of the two emulsions was similar
for the remaining tissues (i.e., no striking trend was seen with these pilot experiments). A homogeneous
distribution in the body would result in SUV = 1. Spleen, liver, kidney, heart and brown adipose tissue
had SUVs > 1 while white adipose tissue and muscle showed the lowest uptake besides brain. A small
fraction of *H was accumulated in bile.
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Fig. 4.5: Standardized uptake values (SUV) of selected tissues after administration of 37 kBq >H-triolein in 100 ul either For-
mula #3 (blue bars) or commercial Intralipid (black bars) lipid emulsion. Results are 10 min post-injection (p.i.) for filled
bars and 60 min p.i. for diagonal down striped bars. Bars, means or individual values; error bars, standard deviations if
more than one tissue sample of the same mouse was analyzed (n=1 animal per timepoint).
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Fig. 4.6: Standardized uptake values (SUV) of different tissues after 10 minutes (filled bars) or 60 minutes (diagonal down
striped bars) after administration of 37 kBq >H-triolein in 50 ul Intralipid (black bars) or Formula #3 (blue bars) lipid emul-
sion. Bars, means or individual values; error bars, standard deviations if more than one tissue sample of the same mouse was
analyzed (n=1 animal per timepoint).
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Fig. 4.7 shows the distribution of *H-PA after its incorporation into the emulsions. The distribution
pattern is completely different from those described in Fig. 4.5 and Fig. 4.6 with *H-TO. This is in
agreement with the competition between lipid phase distribution and binding to BSA in vitro. With the
label *H-PA, the radioactivity distribution most probably does not reflect the distribution of the oil drop-
lets but rather the distribution of *H-PA itself.
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Fig. 4.7: Standardized uptake values (SUV) for different tissues after administration of 37 kBq *H-palmitic acid in 50 ul In-
tralipid (black bars) or Formula #3 emulsion (blue bars) after pre-injection of 50 ul unlabeled emulsion. Filled bars:
10 minutes incubation time, diagonal down filled bars: 60 minutes after injection. Bars, means or individual values; error bars,
standard deviations if more than one tissue sample of the same mouse was analyzed (n=1 animal per timepoint).

4.4 Discussion

Identification of suitable excipients proved to be cumbersome. Initial formulations mimicking the com-
position of commercially available reference emulsions failed to yield the same low oxidation levels and
thus excipients were needed to limit the degree of lipid oxidation. From a regulatory perspective the
formulation is preferred as simple as possible to avoid adverse effects induced by substances where little
experience exists.'**?! To avoid toxicity from daily administered excipients, doses should be chosen as
low as possible. But still, the desired stabilizing effect needs to be elicited. Many of the tested excipients
counteracted their positive effect of reducing oxidation by increasing the droplet size and impairing the
physical stability of the emulsion. This is thought to be mainly mediated by disturbing the pH or -
potential of the emulsion, thus interfering with the stabilizing repulsive forces.'®® a-Tocopherol is al-
ready endogenously contained in many oils, especially in fish oil, and thus also in Omegaven as mar-
keted formulation, and to a lesser extent also in Intralipid (there, y-tocopherol prevails).?26%3%%33! Ag a
vitamin with known tolerated daily doses, it is an ideal excipient for parenteral emulsions. Apart from
the intended antioxidative effect for the protection of the PUF As, there is evidence that it helps to prevent

IFALD from occurring by scavenging radicals that would harm the liver®'!6-2

353

, although also contra-
dicting reports exist.”>” At elevated concentrations, a-tocopherol is known to exert pro-oxidant ef-
fects.** %7 EDTA as chelating agent has been described before to reduce lipid oxidation, primarily in

food emulsions'***** but was also found to be safe in repeated intravenous infusion.**®

Currently observed inflammatory adverse effects seen with the use of marketed lipid emulsions for par-
enteral nutrition are closely related to the liver. The high uptake into the liver reported in literature

FORMULATION DEVELOPMENT OF LIPID EMULSIONS | 61



(> 40% injected activity)***<#3*3¢! is thought to be responsible for eliciting these inflammatory adverse
effect. In our in vivo distribution experiments, both Formula #3 and Intralipid reached SUV between 1.8
and 5 in liver. This corresponds to 9 to 25% injected activity in liver, assuming a relative liver weight
of 5%%* of body weight. Further experiments are planned to compare the kinetics of liver uptake in
more detail.

The uptake in the lungs was noticeably high. The corresponding % injected activity in lung would cor-
respond to ~0.75-fold the SUV (assuming a relative lung weight of 0.75%>%). After tail-vein injection,
the lung is the first organ encountered where the vasculature diameter is getting narrower again.****%
After tail vein injection the emulsion droplets firstly travel to the heart and from there to the lungs and
the first capillary system. The concentration in blood is still high as the droplets did not distribute yet in
the complete vascular system. The lung is thus exposed to much higher lipid concentrations during this
first passage than any other tissue. This may explain the high uptake in comparison to other tissues.
There seems to also be a contributing factor from the oil type. This has also been found before where
n—3 PUFA rich lipid emulsions showed higher lung uptake.***** Our data indicate that the mechanism
of lung uptake is saturable. The infusion rate during parenteral nutrition could, therefore, have an influ-
ence on the relative uptake in lung. The rationale for the choice of the reduced administration volume
of 50 ul was based on the administered dose in the continuous setting over 7 days by our project partners,
where 250-330 pl of fully compounded parenteral nutrition mixture are infused per hour, corresponding
to 30-40 pl of lipid.

The tissues where accumulation was highest in our experiments — liver, spleen, lungs — all belong to the
reticulo-endothelial system with high presence of macrophages.**’*% Increased uptake there has already
been observed from early on after the introduction of lipid emulsions to the clinics” and confirmed
later.'?*3% Still, the time frame remains questionable, despite some reports 60 minutes incubation time
might be challenging for uptake in macrophages.*”® Pronounced trapping has been seen for formulations

130,163

exceeding the PFATS requirement due to physical instability and lipid aggregation while in our

studies the compliance has been demonstrated by scanning electron microscopy.
333,360

In other studies, the distribution was affected by heparin pre-administration
332

and fasting of the ani-
mals’*, parameters that have not been addressed yet in our studies. By fasting, it is assumed that the
uptake in heart and skeletal muscle tissue could be promoted. In the current setting, animals had access
to chow before and after the injection of the emulsion, from where the energy expenditure can be covered
as well. Interestingly, they are on the other hand not directly deposited as fat storages in adipose tissue.
This could be enhanced by pre-administration of heparin, inducing lipoprotein lipase to promote lipid
digestion.””' Heparin is used in long-term infusion of lipid emulsions to prevent clogging of the infusion
line through coagulation of the blood. Also prolonging the incubation period could shift the picture and
could allow to follow metabolism. The *H-TO tracer is radioactively labelled on the esterified fatty
acids. Hydrolysis to free the fatty acids would still allow to follow the molecule, but then not as valid
proxy for the distribution of triglycerides anymore. A clearly distinct distribution profile is visible com-
pared between the injection of a triglyceride tracer and direct injection of a free fatty acid tracer, indi-
cating that the *H-TO was not completely hydrolyzed during the 60 min distribution period. But this
limitation that is globally valid: The stability of the tracer was verified in vifro and it was ensured that
it would remain to a good portion in the lipid phase. However, activity measurements by scintillation
just yield the distribution of the label, and not necessarily the intact labelled molecule. The label can get
lost through metabolism in vivo, a process difficult to mimic in vitro through a multitude of different

cleaving enzymes and thus not practically controllable.
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Despite standardizing to the amount of activity injected, the organ weight and also the weight of the
individual animal and calculating results as SUV, not always the same relative amount of activity was
recovered. This gives a hint that there are tissues where activity was trapped that were not evaluated. In
a search for such potential sinks the excreting organs were mainly of interest. No considerable amount
of activity was found in the kidney or urine, exhaling of °H is in contrast to radioactive carbon molecules
([''C]CO; or ['*C]CO,) not possible, and also in the stomach or intestines no increased activity was
found. Also gallbladder and brain showed only marginal uptake. Bone does not seem reasonable because
of the short incubation time; maximal 60 min post injection would not allow for considerable uptake in
the bones. Also activity receding at the site of injection due to the stickiness is a known issue. However,
analysis of the tail showed no increased activity.

All animal experiments are only single experiments with one animal each per timepoint and thus merely
act as hypothesis generating findings. After promising findings in pilot experiments, confirmatory stud-
ies with higher statistical power can be performed. As time points of interest 10 minutes and 60 minutes
were chosen to study the rapid distribution immediately after administration, but also the equilibrium
conditions later on. Longer durations of 2-6 hours might also be of interest.

4.5 Conclusion

A novel parenteral lipid emulsion formulation has been engineered based on a composite oil mixture
with oils rich in n—3 PUFAs complying with all pharmacopoeial requirements. The novel oil mixture
was highly susceptible to oxidative degradation and thus EDTA as metal chelator and a-tocopherol an-
tioxidant were included at minimal concentrations to meet the benchmark thresholds in terms of lipid
oxidation set by commercial reference products. Distinct tissue distributions were found for commercial
Intralipid and novel Formula #3 lipid emulsion based on the type of oil used and the emulsion dose. The
uptake was highest in lung tissue. Distribution studies need to be repeated with higher sample number
for statistically sound conclusions, but trends were identified. A manuscript showing the beneficial ef-
fect of Formula #3 lipid emulsion when continuously infused for 7 days on immune markers in mice is

in preparation, in collaboration with our project partners.
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5.1 Introduction

Mixtures of oils in water are as such immiscible.'?” With the help of amphiphilic surfactant molecules
lowering the surface tension, it is possible to formulate lipid droplets as emulsions in a continuous aque-
ous phase.'” When administered parenterally as lipid and calorie source in parenteral nutrition or as
carrier vehicle in drug therapy, the size of the emulsion droplets affects their behaviour in the body and
their effects at the cellular and molecular level. Lipid droplets of excess size can elicit harmful adverse
effects such as lipid embolism and are thus limited by the pharmacopoeia.”’ The number of particles
above 5 um in a lipid injectable is limited to 0.05% and the average droplet size needs to be below

500 nm.'®’

Currently available lipid emulsions have an average droplet diameter of 250-300 nm.'**7* Prolonged
use of parenteral lipid emulsions can lead to inflammatory adverse effects.”*”!'® Some of these adverse
effects of current therapies are thought to be linked to the droplet size. The adverse effects originate
from the liver where a high uptake of the administered lipids is seen.****%36373 Apart from fine-tuning
the n—6 to n—3 PUFA profile'®** as discussed in Chapter 4, “Excipient Screening for the Development
of Lipid Emulsions based on Vegetable Oils Rich in n—3 Polyunsaturated Fatty Acids”, and surface
modifications (PEGylation)*’, the uptake in the liver can also be influenced by the choice of the lipid
droplet size.'***75377 Rensen and colleagues were able to reduce the hepatic uptake 2.7-fold by decreas-
ing the lipid droplet size from 150 nm to 50 nm.*® Seki et al. confirmed this trend and lowered the liver
uptake 18-fold by creating lipid emulsions with droplet sizes of 25-50 nm compared to former 200-

300 nm sized emulsions.>®’

For terminology, we will further refer to the standard 20% lipid emulsions including the commercially
available Intralipid and Omegaven at droplet sizes of 250-300 nm as conventional lipid emulsions.
Emulsions with droplet sizes below 200 nm (radius < 100 nm) in contrast will be referred to as lipid
nanoemulsions. Regarding the terminology, there is conflicting convention in literature where some
authors refer to nanoemulsions as having droplet sizes 200-1000 nm and < 100 nm as microemulsions
instead.'?*!>'" In contrast to conventional lipid emulsions, nanoemulsions are a thermodynamically

stable system and thus physically stable for longer duration'*!3":14?

, while conventional emulsions may
phase separate at some point, depending on the viscosity and electrostatic interaction forces between

droplets.

Lipid nanoemulsions can be created by either modifying the compositions or increasing the process
energy or both.'*” Working at a higher process pressure or increasing the number of homogenization
cycles allows to increase the process energy. Increasing the process energy too much can lead to over-
processing, a process where phase separation occurs as a consequence of excess energy input,'26!%378
Droplet size reductions from increasing the process energy are often transient and the system reverts
back to the energetically most favourable state mainly governed by the composition. The rate of this
return can be influenced among others by the viscosity of the product. When varying the composition,
decreasing the oil-to-surfactant ratio (increasing the surfactant concentration and/or lowering the oil

)*” or increasing the viscosity and ionic pressure'?’ helps to produce smaller droplet sizes. For

content
energetic reasons, there is a certain minimal surfactant concentration necessary to maintain the organi-
zation as lipid droplets over phase separation into a bi-phasic system with a single lipid layer and all the
surfactant molecules oriented at the interface. At constant oil volume, smaller droplet diameters create
a larger relative (with regard to the oil volume) surface area. This area needs to be covered with surfac-

tant molecules as the lipid molecules themselves do not mix with water. Increasing the surfactant

66 | CHAPTER 5



concentration leads to a reduction of the droplet size as a larger relative surface (at constant oil volume)
can be covered. This can also be achieved by lowering the relative oil volume while keeping the surfac-
tant concentration constant, thereby also changing the oil-to-surfactant ratio in a favourable way. In-
creasing the viscosity of the continuous (aqueous) phase by mixing with glucose is also known to stabi-

lize emulsions with smaller droplet sizes.'?*!723%

Lipid emulsions and high glucose containing solutions are routinely mixed during compounding of total
parenteral nutrition admixtures.?>'3*1%3! In these cases, the two components are mixed after homoge-
nization of the lipid emulsion. Combining the two components before homogenization allows to exploit
the viscosity-increasing effect of the glucose. We hypothesized that this increase in viscosity and thus
shear forces would result in smaller lipid droplets than in the absence of glucose.

The aim of this study was to develop a formulation with reduced droplet size to lower the lipid uptake
in the liver while maintaining compliance with the requirements of the pharmacopoeia for parenteral
administration, i.e., maintaining the high caloric load of the emulsion, keeping surfactant concentrations
similar to conventional emulsions and meeting the threshold levels set by commercial reference emul-
sions for the formation of lipid degradation products.

5.2 Methods

Preparation of the lipid emulsions

Lipid nanoemulsions with a final batch size of 50 ml were manufactured by wetting Lipoid E80 (Lipoid
GmbH, Ludwigshafen, Germany) in < 5 ml purified water (NANOpure Diamond™ Barnstead, Thermo
Scientific, Waltham MA, USA). Experiments were carried out at either 0.25% (oil-to-surfactant mass
ratio of 16.7), 0.5% (oil-to-surfactant mass ratio of 8.3) or 1.2% (oil-to-surfactant mass ratio of 3.5) final
concentration of lecithin. Lecithin premixes were let to swell for 2 hours in a water bath at 45 °C. Eth-
ylenediaminetetraacetic acid (EDTA; disodium salt dihydrate, >99%; Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) predissolved in water was added at a final concentration between 0.53-11.875 uM to
maintain a constant chelator-to-oil ratio (UM/g) of either 0.25 or 4.75-fold higher at 1.1875 (“4.75-fold
EDTA”). Concentrated (70%) glucose solution was prepared by stepwise dissolution of either D(+)-
glucose anhydrous (from Fluka, Buchs, Switzerland; Acros Organics, New Jersey, USA; Scharlau, Bar-
celona, Spain; or neoFroxx, Einhausen, Germany) or D(+)-glucose monohydrate (from Hénseler, Heri-
sau, Switzerland; or neoFroxx) under constant stirring at a temperature of > 60 °C in purified water. The
glucose solution was added to the aqueous phase to reach a final concentration of 0%, 33%, 45%, 52%
or 55% glucose in the final formulation. Either the preblended Formula #3 oil mixture (Chapter 4) con-
sisting of 50% Natures Crops Ahiflower oil (Natures Crops, Kensington PEI, Canada), 25% coconut oil
(Bioriginal, Saskatoon SK, Canada) and 25% olive oil (LIPOID purified olive oil, Ph. Eur.; Lipoid AG,
Steinhausen, Switzerland), or soybean oil (Lipoid Purified Soybean Oil 700, Ph. Eur., USP; Lipoid
GmbH) or fish oil (Bioriginal, Saskatoon SK, Canada) was added to reach a final oil content of
20 mass-%, 10.5%, 7%, 5.3% or 4.2% at the correspondingly increasing glucose concentrations. a-To-
copherol (Type V, ~1000 IU/g, Sigma-Aldrich) was added at concentrations between 0.016% (v/v) and
0.0034% to the oil phase to maintain a constant ratio of antioxidant-to-oil of 0.8 (ul/g). Lastly, purified
water was added to reach the final volume of 50 ml. Coarse premixes were kept on a rocking shaker
before processing for 6 cycles at a process pressure of 22°000-23°000 psi (1517-1586 bar) on a ShearJet
HL60 (Dyhdromatics, Maynard MA, USA) equipped with a 75.1 T reaction chamber (Chapter 4).

After manufacturing, the pH (typically in the range of 4-5) was adjusted to 7.4 using 1 M NaOH. The
pH-adjusted nanoemulsion was sterile-filtered through a 0.2 pum filter (Acrodisc® 25 mm, hydrophilic
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polyethersulfone membrane, PALL, Port Washington NY, USA) into autoclaved 5 ml glass vials (Miil-
ler+Krempel, Biilach, Switzerland) and the headspace was covered with argon (PanGas AG, Dag-
mersellen, Switzerland). Absence of microbial endotoxins was ensured by using GenScript ToxinSen-
sor™ Single Test Kit (0.125 EU/ml, Cat. No. L00450, GenScript, Piscataway NJ, USA) according to
the manufacturer’s instructions.

Characterization of the droplet size by dynamic light scattering and electron microscopy
Droplet size was measured routinely by dynamic light scattering (Zetasizer 3000 HS A, Malvern Instru-

ments, Malvern, UK) and for selected representative batches by scanning electron microscopy'** '

(carried out by ScopeM microscopy service, ETH Zurich). Transmission electron micrographs®’ 34
(TEM) were also taken by ScopeM microscopy service at ETH of nanoemulsions where glucose had
been removed by 8 times washing with purified water and centrifuging for 40 minutes each at 1200 g
(Beckman GS-15R, Beckman Coulter, Brea CA, USA) in 15 ml dialysis tubes (Vivaspin 6, MWCO
30’000 Da, polyethersulfone membrane; Vivascience, Hannover, Germany). TEM pictures with
nanoemulsions directly failed, due to the high glucose content samples could not be shock frozen which
is required to break them apart for proper imaging. Absence of glucose was qualitatively ensured by
incubating 0.5 ml retained sample with 1 ml of 0.33 M copper(ll) acetate monohydrate (puriss. p. a.,
>99.0%; Fluka, Steinheim, Germany) in 1% acetic acid (puriss. p. a., ACS, Ph Eur, >99.8%; Sigma-
Aldrich), also known as Barfoed’s reagent®®>>% at 95 °C for 3 minutes and letting cool down to room
temperature again. Successful removal of glucose was confirmed by absence of formation of a red pre-

cipitate.

Quantification of primary and secondary oxidation products and of free fatty acids
Primary and secondary oxidation products were quantified using the modified ferrous oxidation-xylenol

) )28 respectively,

orange assay (mFOX)~” and thiobarbituric acid reactive substances assay (TBARS
described in detail in Chapter 2, “Quantification of Lipid Oxidation Products in Lipid Emulsions Re-
quiring Minimal Sample Volume”. For valid comparison between formulations, values were standard-
ized to the oil content. Free fatty acids were quantified by HPLC after fluorescence-labelling®'’, de-
scribed in Chapter 3, “Determination of Free Fatty Acids in Lipid Emulsions by Fluorescence-Detection
Based High Performance Liquid Chromatography”. For comparison in the respective data evaluation,
the 20% lipid emulsion at 1.2% lecithin (oil-to-surfactant ratio of 16.7) without glucose, but with 2.2%

glycerol, previously described in detail in Chapter 4, is added to the plots.

Additional emulsions were prepared to study the underlying cause for the increased oxidation of glu-
cose-containing nanoemulsions. Emulsions with Formula #3 oil mix and oil-to-surfactant ratio of 8.3
were prepared as described above, at various glucose concentrations to achieve different droplet sizes.
After homogenization, each sample was split and varying amounts of 70% glucose or water were added
to yield combinations of 5 different droplet sizes and 4 different glucose concentrations (total 20 emul-
sions). These samples were exposed to “stress” storage conditions at 40 °C for 6 days under ambient air.
After incubation, the droplet size as well as the primary and secondary oxidation products were deter-
mined as described above.

Labelling of the emulsion with tritiated lipids for in vivo studies

Prior to in vivo tissue distribution studies with a nanoemulsion spiked with a tritiated lipid, proper in-
corporation of the tritiated lipids into the oil droplets was studied similar to the previous procedure with
250-300 nm-sized emulsions in Chapter 4. For these purposes, an intermediary formulation with 45%
glucose and 7% Formula #3 oil-mixture was used. Radioactive molecules *H-triolein or *H-
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phosphatidylcholine (both 37 MBg/ml; from American Radiolabeled Chemicals, Saint Louis MO, USA)
corresponding to 37 kBq were added to 500 pl aliquots of lipid emulsion and vortex-mixed for 30 sec
in glass vials. Labelled lipid emulsions were mixed in a 1:1 ratio with either phosphate buffered saline
pH 7.4 (PBS), prepared from 10 mM sodium hydrogenphosphate (heptahydrate, p.a., ACS, 98-102%,
Merck, Darmstadt, Germany), 1.8 mM potassium dihydrogenphosphate (purum p.a., >99.0%; Sigma-
Aldrich), 0.137 M sodium chloride (puriss. p. a., >99.5%; Sigma-Aldrich) and 2.7 mM potassium chlo-
ride (puriss. p. a., >99.5%, Sigma-Aldrich) or PBS + 4% bovine serum albumin (cold ethanol fraction,
>96%; Sigma-Aldrich). Mixtures were then constantly shaken at room temperature for 0, 10 or
60 minutes and phases were separated by centrifuging at 15’000 g for 15 min at 25 °C (Beckman GS-
15R, Beckman Coulter). Separated phases were mixed with scintillation liquid (Ultima Gold, Perkin
Elmer, Waltham MA, USA) in a 1:4 ratio and radioactivity was measured on a Tri-Carb 2250 CA liquid
scintillation counter (Packard BioScience, Meriden CT, USA).

In vivo tissue distribution studies in mice

The tissue distribution was studied for the same lead emulsion (45% glucose, 7% Formula #3 oil mix-
ture) in comparison to a nanoemulsion based on soybean oil (45% glucose, 7% soybean oil). In vivo
studies with the *H-triolein tracer were performed in 10-12 weeks old male C57BL/6NCrl mice (Charles
River, Sulzfeld, Germany) with a weight between 24.1 and 25.1 g. Lipid emulsions were vortex-mixed
for 30 seconds with 37 kBq of *H-triolein per 100 ul (37 MBg/ml, 2.22 TBg/mmol; American Radio-
labeled Chemicals) and 100 pl were administered intravenously by bolus injection to the tail vein. After
fixed incubation times of 10 min and 60 min, animals were anesthetized with isoflurane and euthanized
by decapitation under deep anesthesia. Organs were dissected and digested with SOLVABLE (Perkin
Elmer) according to the manufacturer’s instructions. After complete tissue lysis and decoloration with
H,0,, scintillation liquid (Hionic-Fluor, Perkin Elmer) was added and radioactivity was measured on a
Tri-Carb 2250 CA liquid scintillation counter. All animal studies were approved by the cantonal author-
ities and carried out in accordance to national legislation (license ZH203/2019). For comparison for data
evaluation, experiments performed with corresponding oil types, but conventional droplet size (270-
300 nm), described before in Chapter 4 are plotted as well.

Statistical analysis

Results of the stress test were analysed by mixed-effects modelling in R (R-project, v 4.0.4) with the
function Ime of the package nlme (v 3.1-152). Tested effects were size, glucose concentration and their
interaction. For TBARS values, mFOX was tested as an additional effect, with interactions with glucose,
size or both. Data were grouped according to the individual homogenization batches (n=5). Effects were
considered significant at p values < 0.05.

5.3 Results

Effect of glucose on the droplet size of Formula #3 nanoemulsions

Incorporation of glucose at increasing concentrations for the preparation of Formula #3 nanoemulsions
led to a glucose-concentration dependent decrease in the measured droplet size. Smallest droplets with
a hydrodynamic diameter of 98.7 nm resulted from manufacturing at increased relative surfactant con-
centrations (oil-to-surfactant ratio of 3.5, see Fig. 5.1). The use of less lecithin (0.25% and 0.51% instead
of 1.2%) led a minimal droplet size of 182.4 nm and 139.4 nm, respectively, at 55% glucose. Due to the
increased lecithin-concentration also the droplet sizes of formulations produced without glucose (dark
green bars at 3.5 and 8.3 oil-to-surfactant ratio) were markedly smaller than the corresponding reference
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sample depicted in red. Note that emulsions to study the influence of glucose (added for processing) on
droplet size, oxidation products and total free fatty acid levels were produced and tested once each.

Influence of glucose and/or droplet size on lipid oxidation and hydrolysis

The primary and secondary oxidation products depicted in Fig. 5.2 and Fig. 5.3 increased with increasing
glucose concentration used in the formulation and decreasing droplet size. Formation of primary and
secondary oxidation products is interlinked (Chapter 1, General Introduction). In our study, primary
oxidation products increased with the reduction of the oil-to-surfactant ratio (corresponding to a reduc-
tion in droplet size), while secondary oxidation products behaved opposite or were ratio and size-inde-
pendent in the absence of glucose. In general, mFOX-values (primary oxidation products) were drasti-
cally higher than in the reference emulsion without glucose (stabilized with 2.2% glycerol instead; red
bar). TBARS-values of nanoemulsions produced without or only low glucose were similar to the value
of the reference solution. It should be noted, that each condition was studied once. Total free fatty acids
in general (Fig. 5.4) show less clear dependency on the glucose concentration and lecithin concentration.
The total free fatty acids were in general not higher in the glucose-containing than the reference emul-
sion. As each condition was analysed once and trends are not as obvious as for the oxidation products,
individual bars of Fig. 5.4 are not discussed.

The effect of EDTA on lipid oxidation

To tackle the increased formation of oxidation products, formulations at 4.75-fold increased chelator
levels and intermediary lecithin concentration (oil-to-surfactant ratio 8.3) were manufactured for com-
parison. Increasing the EDTA-concentration did only minimally affect the droplet size, as shown in Fig.
5.5, and the dependency on the glucose concentration was maintained. The increased EDTA concentra-
tion had no influence on the levels of the primary oxidation products (Fig. 5.6). However, secondary
oxidation products were effectively reduced compared to the formulation with 1-fold EDTA. At inter-
mediate glucose concentrations (33%, 45%) secondary oxidation products were completely diminished
at the increased chelator concentration. When standardized to the lower relative oil content, TBARS
values in Fig. 5.7 were measured even lower than for the reference emulsion without glucose, but with
glycerol. The increased EDTA concentration had no obvious effect on the total free fatty acid concen-
tration (Fig. 5.8).

300 Glucose
E = 0%
o 2004 _ B 33%
N ] Em 45%
5 = 52%
2 100 1 55%
o B reference

3.5 8.3 16.7

Fig. 5.1: Droplet size of Formula #3 nanoemulsions with increasing concentrations of glucose (green shading, as indicated)
added at three different oil-to-surfactant ratios; 3.5, 8.3 and 16.7 (n=1). Note that these emulsions did not contain glycerol.

The droplet size of the reference emulsion (conventional Formula #3 emulsion, Chapter 4) with an oil-to-surfactant ratio of
16.7 without glucose is indicated with a red bar.

70 | CHAPTER 5



o
|

40
- Glucose
G [ ] = 0%
o 30
5‘: 3 33%
2 20- I 45%
“EJ 3 52%
% N H HH = oo
o BEm reference
N - I_Il_l l_ll_l

8.3

3.5 16.7

Fig. 5.2: Primary oxidations products as measured by mFOX assay of various nanoemulsions manufactured at increasing
glucose concentrations (fading yellow bar color) and at three different oil-to-surfactant ratios of 3.5, 8.3 and 16.7 (n=1). The
value of the reference emulsion produced without glucose at an oil-to-surfactant ratio of 16.7 is plotted with a red bar for
comparison. Note that this emulsion was the only one in the figure containing glycerol.
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Fig. 5.3: Thiobarbituric acid reactive substances of lipid nanoemulsions produced at increasing glucose concentrations
(from lefi to right within a sample subset, fading turquoise/blue bar color) at an oil-to-surfactant ratio of either 3.5, 8.3 or
16.7 (n=1). A reference value obtained from an emulsion produced without glucose (but with glycerol) at an oil-to-surfactant
ratio of 16.7 is shown with a red bar.

6_.
- Glucose
% I B 0%
D 4- B 33%
s B 45%
£, = 52%
< = 55%
m H Bl reference
0_.
3.5 8.3 16.7

Fig. 5.4: Total free fatty acids as measured by HPLC after fluorescence labelling, standardized to the respective oil content
of nanoemulsions manufactured at increasing glucose concentrations (fading bar color) for either 3.5, 8.3 or 16.7 oil-to-
surfactant ratio (n=1). In red, the value of an emulsion produced at an oil-to-surfactant ratio of 16.7, without glucose (but
with glycerol) is shown for reference.
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Fig. 5.5: Droplet size of formulations produced with glucose ranging from 0%-55% at an oil-to-surfactant ratio of 8.3 and at
two different EDTA concentrations (for 1x EDTA same data as in Fig. 5.1, n=1). For comparison, the droplet size of a refer-
ence emulsion without glucose (containing glycerol) at Ix EDTA and an oil-to-surfactant ratio of 16.7 is shown as red bar.
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Fig. 5.6: Comparison of two different EDTA-levels, 1x and 4.75x, on primary oxidation products of lipid nanoemulsions pro-
duced at increasing glucose concentrations (fading bar color, indicated below with inclining ramp) and an oil-to-surfactant
ratio of 8.3 (Ix EDTA data same as in Fig. 5.2, n=1). The same reference as in Fig. 5.2 is also plotted here for comparison.
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Fig. 5.7: Secondary oxidation products of lipid emulsions with increasing glucose concentration manufactured at an oil-to-
surfactant ratio of 8.3 depending on the EDTA-level (Ix same data as in Fig. 5.3Fig. 5.4 n=1). A reference value of an emul-
sion without glucose, produced at an oil-to-surfactant ratio of 16.7 and with glycerol is marked as red bar. Values for 4.75x
EDTA at 33% and 45% glucose not visible in the figure were 0.47 umol (kg 0il)”! and 0.71 umol (kg o0il)”!, respectively
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Fig. 5.8: Total free fatty acids of lipid nanoemulsions produced at increasing glucose concentration (fading color of bars)
and a constant oil-to-surfactant ratio of 8.3 compared to same corresponding formulations with 4.75-fold increased ETDA
levels (1x EDTA data same as in Fig. 5.4, n=1). The reference value from the previous lead formulation (16.7 oil-to-surfac-
tant ratio, no glucose, 2.2% glycerol) is shown in red.

Effects of emulsion droplet size and glucose level on lipid oxidation

Primary and secondary oxidation products of samples kept at 40°C for 6 days in ambient air were one
to two magnitudes higher than in the non-stressed emulsions in Fig. 5.2 and Fig. 5.3. The individual
values for the formulations with combinations of varying glucose concentration and varying droplet size
are shown in Fig. 5.9. Plotting mFOX and TBARS values against droplet size (Fig. 5.9 A and B) did not
show an unambiguous effect of droplet size on the levels of the oxidation products. mFOX levels were
higher at smaller size by trend though. Plotting the levels of the oxidation products against the glucose
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concentration showed a possible negative effect of glucose on mFOX values and a parabolic relationship

between levels of secondary oxidation products and glucose.

In mixed effects modelling, the effects of droplet size and glucose levels on mFOX values were not
significant. Values of p were 0.17 and 0.19, respectively, for the two parameters analyzed as individual
effects. The effect sizes may suggest, though not at the significance level, that reducing the size increases
primary oxidation products but increasing the glucose concentration rather reduces primary oxidation
products (both as also suggested from Fig. 5.9 A and C).

The parabolic relationship between the TBARS values and the glucose levels was confirmed with a
model including a positive effect of the glucose concentration (p = 0.015) and a negative effect of
glucose concentration to the power of 1.1 (p = 0.015). The power term was not optimised in this model
but was chosen from visual inspection. Significance was furthermore reached in a simple model with
mFOX levels as the predictor of TBARS values (p = 0.037), however, this simple model would ignore
the bell-shaped relationships between TBARS and glucose levels (comparing Fig. 5.9 C with D).

In summary, primary oxidation products may depend on both size and glucose concentration, both with
negative effect on the level of primary oxidation products (significance levels not reached). The
secondary oxidation products depend significantly on the glucose concentration in a bell-shaped
function with highest TBARS at intermediate glucose levels.
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Fig. 5.9: Evaluation of stress test of lipid nanoemulsions stored for 6 days at 40 °C. Primary (4 and C) and secondary (B and
D) oxidation products of lipid nanoemulsions at different droplet sizes (A and B) and various glucose concentrations (C and
D, same data as in A and B) added either prior of after homogenization. Emulsions with the same color were prepared in the
same homogenization process. Oil-to-surfactant ratios were 8.3.
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Labelling and further characterization of the Formula #3 nanoemulsion for in vivo experiments

As a compromise between droplet size and levels of oxidation products, we chose 45% glucose at an oil
content of 7% and an oil-to-surfactant ratio of 8.3 for the further evaluation in vivo. Prior to in vivo tissue
distribution studies, the suitability of *H-phosphatidylcholine and *H-triolein to label nanoemulsions
was checked by the method used before with 280 nm-sized emulsions (Chapter 4, “Excipient Screening
for the Development of Lipid Emulsions based on Vegetable Oils Rich in n—3 Polyunsaturated Fatty
Acids”). On average, 40% of the recovered activity of the phospholipid tracer was found in the lipid
phase of the nanoemulsion while > 85% of the triglyceride tracer was found for corresponding samples.
BSA in the aqueous phase had no substantial effect. The findings previously seen for a 280 nm-sized
emulsion could be confirmed also for lipid nanoemulsions with droplet sizes <200 nm. The phospho-
lipid tracer was not considered a valid tracer while the triglyceride tracer was further utilized in in vivo

tissue distribution studies.

o 109 mE PBS 0
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Fig. 5.10: In vitro distribution of two radioactively labelled molecules, *H-phosphatidylcholine and 3H-triolein. Fraction re-
covered from the lipid phase when mixed with lipid nanoemulsion (Formula #3 oil mix, oil-to-surfactant ratio 8.3, 45% glu-
cose) in presence of either phosphate-buffered saline (PBS, black bars) or PBS + 4% bovine serum albumin (BSA, blue

bars).

The droplet size uniformity and validation of DLS measurements of the nanoemulsions for in vivo ex-
periments were carried out by imaging with scanning electron microscopy. In representative images of
nanoemulsions manufactured from either Formula #3 oil mixture (Fig. 5.11) or soybean oil (Fig. 5.12)
did not reveal droplets markedly larger than the average determined by DLS of 160-170 nm. No droplets

168,169 \were observed. The same was true for fish oil nanoemul-

above the pharmacopoeial limit of 5 pm
sions (see Appendix Fig. A9). Only in few selected micrographs single droplets between 350-570 nm
were found (see Appendix Fig. A10, Fig. A11 and Fig. A12), but all formulations still complied with
the PFATS requirement. Also transmission electron micrographs showed the sphericity of the particles
(Fig. A13 and Fig. A14 in the Appendix). Minimal particle size maturation though the repeated centrif-
ugation for glucose removal from 161 nm to 180 nm was found by DLS. An individual TEM picture
(Fig. A13) out of thirteen pictures taken showed also larger particles in the area of 500 nm. Most droplets
were oil-filled, only few oil-free (phospholipid-only) structures (transparent fill), and only few lipo-

somes (red arrows) and multilamellar droplets (green arrows) were found.
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Fig. 5.11: Scanning electron micrograph of lipid nanoemulsion consisting of 7% n—3 PUFA-rich plant-based oil mixture,

45% glucose and manufactured at an oil-to-surfactant ratio of 8.3. Artifacts from the sample preparation process are indi-
cated with yellow arrows, selected smaller-than-average lipid droplets with a red arrow.
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Fig. 5.12: Representative scanning electron micrograph of 7% soybean oil nanoemulsion stabilized with 45% glucose (oil-to-
surfactant ratio of 8.3, same composition as used in in vivo experiments in Fig. 5.14). Artifacts from freeze-fracture are
marked with yellow arrows, remarkably small lipid droplets are highlighted with red arrows.

In vivo tissue distribution of Formula #3 and soybean oil nanoemulsions

The in vivo tissue distribution was determined for nanoemulsions containing 7% oil, which was either
Formula #3 oil mix or soybean oil, an oil-to-surfactant ratio of 8.3 and 45% glucose. The droplet sizes
were 161.0 nm and 166.9 nm, respectively. The results of the tissue distribution study with Formula #3
oil mixture are shown in Fig. 5.13. For unknown reasons, radioactivity recovery was unexpectedly low
in this experiment and data needs to be evaluated with care. Assuming that recovery was proportionally
reduced equally in all tissues, the pattern of tissue distribution was similar to the previous results with
280 nm-sized emulsions (Chapter 4, “Excipient Screening for the Development of Lipid Emulsions
based on Vegetable Oils Rich in n—3 Polyunsaturated Fatty Acids”, Fig. 4.6). The highest uptake was
found in lung tissue, with less pronounced differences to other tissues than observed for the 280 nm-
sized equivalent emulsion. The liver, brown fat and spleen as tissue with second most uptake show
values corresponding to around half the uptake in the lungs. This ratio is low compared to the experi-
ments with 280 nm-sized emulsions where the uptake in the lung exceeded the uptake in any other tissue
more than 10-fold.
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Fig. 5.13: Standardized uptake values in different tissues after administration of 100 ul nanoemulsion with 7% Formula #3
oil mixture, oil-to-surfactant ratio 8.3, 45% glucose and 161 nm mean droplet size. Time points after injection as indicated
(n=1 animal per time point, bars, individual values or means and standard deviation if more than one tissue sample of the
same mouse was analyzed). The recovered radioactivity was unexpectedly low in these experiments, resulting in the low SUV
values as compared to other in vivo experiments.

The reduced uptake in the lung compared to previous experiments with larger oil droplets was also found
in the experiment with a lipid nanoemulsion produced from soybean oil. Uptake in lung tissue was still
highest, but only 1.5-fold of the uptake in the spleen after 10 minutes and 3-fold than the liver and brown
adipose tissue as areas with next highest uptake. The uptake in white adipose tissue from different loca-
tions or in muscle on the other hand remained low (maximal SUV 2.4 and 0.5, respectively). We ana-
lyzed additional samples in this experiment (urine, gallbladder, intestines, tail as site of injection). They
all did not show SUV > 1.

20
B Soybean nanoemulsion 10'
15 Soybean nanoemulsion 60’

Fig. 5.14: Standardized uptake value SUV in different tissues of 37 kBq H-triolein dispersed in 100 ul of 7% soybean oil
nanoemulsion stabilized with 45% glucose, resulting in 224.7 cal administered. The droplet size of the nanoemulsion was
167 nm. The incubation times of 10 minutes (filled bars) and 60 minutes (diagonal down) are plotted differently (n=1 animal
per time point; bars, individual values or means and standard deviation if more than one tissue sample of the same mouse
was analyzed). Abbreviations: white adipose tissue (WAT) and brown adipose tissue (BAT).
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Comparison with the 280 nm-sized Intralipid, also based on soybean oil (visualized in Fig. 5.15), re-
vealed a similar uptake pattern between the two formulations despite the size difference. This hints to
the oil type rather than the droplet size being the main driver for the tissue distribution. The correspond-
ing comparison of 280 nm- and 161 nm-sized Formula #3 oil mixture (Fig. A15) or of the two nanoemul-
sions manufactured from different oil sources (Fig. A16) are more challenging due to the reduced total
activity recovered in the case of the Formula #3-based nanoemulsion.
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Fig. 5.15: Comparison of tissue distribution of Intralipid (20% soybean oil emulsion with a droplet size of 288.7 nm, black
bars) and soybean nanoemulsion (7% oil stabilized with 45% glucose, 166.9 nm droplet size, green bars, same data as in
Fig. 5.14) 10 minutes (filled bars) and 60 minutes (diagonal down filled bars) after injection (n=1 animal per time point;
bars, individual values or means and standard deviation if more than one tissue sample of the same mouse was analyzed).
Intralipid was administered at 50 ul, corresponding to 10 ul oil and 20 cal, while the nanoemulsion was administered at
100 ul, resulting in 7 ul oil and 224.7 cal.

5.4 Discussion

The novel approach here is that the glucose usually added after homogenization during the compounding

172380 pocult-

step is added already before, thereby exploiting the dilution and viscosity-increasing effect
ing in a droplet size reduction and stabilizing effect. For the preparation of the final mixture for total
parenteral nutrition (TPN) during compounding, 3.75 equivalents of 70% glucose are added to one
equivalent of lipid emulsion®®, leading to a dilution factor of 4.75 frequently encountered in the further
rationale for the preparation of subsequent formulations in this work. Original experiments were carried
out at an oil-to-surfactant ratio of 3.5 to reach a final lecithin-concentration of 1.2%, but were then
downscaled to an oil-to-surfactant ratio of first 16.7 (mimicking the previous ratio, and also the one of
commercially available Intralipid®**’***) for concerns of unknown effects from excess phospholipids.
Although later dismissed'**, excess phospholipids could, based on their structure, incorporate into bio-
logical membranes and interfere with their function. Since the droplet size reduction was then considered
sufficient to observe differences in vivo, the final composition experiments were carried out with an oil-

to-surfactant ratio of 8.3, corresponding to the ratio also seen in commercial Omegaven.*****

During the final compounding for TPN, varying residual amounts of glucose need to be added to the
formulations produced in this project, to reach a final glucose concentration of 55% in all formulations.
No glucose needs to be added to the ones already containing 55% glucose (the highest glucose concen-
tration studied), and lots of glucose still needs to be added to the 0%-formulations.
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The EDTA-concentration became diluted up to 4.75-fold to 0.53 uM in the most extreme case (in for-
mulations containing 55% glucose), but was still corresponding to the original 2.5 uM when only the
oil and water from the original lipid emulsion portion was considered. Doses were chosen to always
maintain a chelator-to-oil ratio of 0.25. This results in constant EDTA daily doses at isocaloric dosing
of the emulsions. When measured oxidation values were unsatisfactory and exceeded previously seen
values manifold, the EDTA concentration was increased 4.75-fold, to reach a global 2.5 uM in the fi-
nally adjusted glucose-lipid emulsion mixture (after adding all the residual glucose amount still miss-
ing). In the formulations not at maximal glucose concentration yet and still requiring glucose addition,
this resulted in 11.9 uM EDTA before final compounding. The content of a-tocopherol as antioxidant
resulted in a constant ratio of antioxidant-to-oil of 0.8 (ul/g), similar to the original Formula #3 formu-
lation (see Chapter 4). In previous studies described in Chapter 4, further increasing the antioxidant

concentration did not reduce the formation of lipid oxidation products.

For further in vivo evaluation, an intermediate glucose concentration of 45% was chosen. The oil-to-
surfactant ratio was identified as primary driver determining the droplet size and not the maximally
possible glucose concentration of 55% was needed to yield the target droplet size of < 200 nm. Lowering
the glucose concentration allowed to considerably reduce the immediate formation of lipid oxidation
products at a minimal cost of increased droplet size compared to the highest glucose concentration. In
subsequent stability studies under accelerated storage conditions, the choice of 45% glucose for our lead
formulation seems to be unfortunate. The data measured hint to maximal secondary oxidation product
formation at glucose concentrations between 20-40% and a relative minimization in turn at 55% glucose.
How these reduced relative oxidation products at 55% glucose compared to 20-40% relate to the in-
creased oxidation products measured at 55% glucose (compared to at 33-45% glucose) immediately
after manufacturing remains to be elucidated.

Obtaining smaller droplet sizes provides the benefit of allowing the lipid nanoemulsions to be sterile-
filtered, thereby effectively circumventing the thermal stress from autoclaving for sterilization. Moreo-
ver, manufacturing combined glucose-lipid emulsions simplifies the compounding process, at least if
working with the formulation already containing all the needed glucose. The compounding process has
been identified as potential source of errors.****°! Thereby simplifying this process helps to increase
patient safety. However, by combining the glucose and lipid emulsion already, no personalized com-
pounding respecting the individual’s needs is possible anymore as it is unlikely that a high-pressure
homogenizer is available on site. Moreover, the middle-term stability required to demonstrate practical
use in clinics has not been thoroughly investigated yet, neither in terms of droplet size stability (though

172

glucose has a physically stabilizing effect from the increased viscosity '“, and also nanoemulsions

144,158,190,392

should be thermodynamically stable ), nor for the increased formation of oxidation products.

Storage in the fridge at 4 °C in an attempt to slow down degradation (Arrhenius law?**>=-4?

) was not
possible as glucose crystalized. Therefore, proper exclusion of oxygen by covering the headspace with

argon and tight sealing is crucial.

The results of the stress test at 40 °C for 6 days indicate that a reduction in droplet size may increase the
levels of primary oxidation products, however, the effect was not significant. Such an effect could result
from the increased interface area between oil and water at the reduced droplet size. Glucose levels had
a significant bell-shaped effect on the levels of secondary oxidation products. The latter furthermore
correlated significantly with mFOX values. These results would agree with a model where size reduction
induces lipid oxidation resulting in primary oxidation products and where glucose promotes the further

reaction of primary to secondary oxidation products (reducing primary and increasing secondary
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oxidation products) and furthermore from secondary to tertiary oxidation products (bell-shaped relation-
ship between secondary oxidation products and glucose levels). However, this is only one of several

possible models and would need to be corroborated by further investigations.

Increasing the EDTA levels 4.75-fold in the Formula #3 nanoemulsion was considered justified in an
attempt to reduce the secondary oxidation products that are potentially harmful as well.'”>'*® Also at an
increased level, doses are still below what has been used in clinical trials before (once per week admin-

istration instead of continuous application).*®

Tissue distribution studies showed highest uptake in the lung for both Formula #3 and soybean oil
nanoemulsions. The difference to the tissues with next highest uptake was less pronounced than with
the respective emulsions with > 260 nm droplet size. This could be a result of the droplet size but also

of the glucose present in the nanoemulsions, but not in the conventional emulsions.

All the tissues showing high uptake — liver, lungs and spleen — belong to the reticuloendothelial system
(RES) with high presence of macrophages.'*® Pronounced uptake of lipid emulsions in these tissues has
already been found from the very beginning of parenteral nutrition”” and repeatedly been con-
firmed. 193! Particles with droplet sizes above 1000 nm arising from instable formulations promote

uptake in organs of the RES."”*'®

At reduced droplet size, previous reports have found a prolonged plasma residence (slower extrac-
tion)*7124369377:393 and a reduced hepatic uptake.****” The limit of optimal size is debated, while a droplet
size below 100 nm is necessary for less unspecific uptake in the RES'", Litzinger et al. found in 1994
an intermediate droplet size between 150 and 200 nm to yield the longest circulation time.*”* Based on
these evidences, a reduced uptake of the nanoformulations in the liver, but also spleen and lung would
have been expected. In turn, a higher remaining activity in plasma was expected that was not found in

our experiments. Also the uptake in the spleen contradicts these expectations.

Because of the reduced total activity recovery in the case of the Formula #3 oil-mix based nanoemulsion,
the data need to be interpreted with caution. The results obtained with the soybean oil-based nanoemul-
sion on the other hand showed a similar pattern as the 280 nm-sized Intralipid also based on soybean oil
(but from a different supplier). This hints to the oil type being the main driver for the tissue distribution
rather than the size. Similar findings that the oil type influences the distribution behaviour have already
been reported before.>****® Qi and co-workers found in 2003 that the oil type was more important for
the tissue distribution for larger particles, while for smaller droplets almost no influence of the oil type
was found anymore.***

When comparing the distribution of glucose-stabilized nanoemulsions with the conventional sized emul-
sions, it is important to keep in mind that the oil amount was attempted to be mimicked as much as
possible (7 pl oil vs. 10 ul for nano- and conventionally sized emulsions respectively, but not individu-
ally adjusted for the weight for the animal). More importantly, because of the addition of glucose, the
amount of administered calories varied by a factor of 11, i.e., 224.7 cal vs. 20 cal for the nanoemulsions
and the conventionally-sized emulsions, respectively. The presence of glucose as energy source could
furthermore affect the lipid uptake in the tissues. For a proper control of this confounder, conventionally-
sized emulsions could be mixed with glucose after homogenizing and then prepared in the same way to
administer equal amounts of calories, but at different lipid droplet sizes. The transferability of the find-
ings to the long-term in vivo setting is not optimal, as in this case glucose and amino acids are co-

administered with the lipid emulsion.
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Overall, the same restrictions apply as already discussed in the previous chapter on the tissue distribution
of 280 nm-sized lipid emulsions. Fasting of the animals would presumably increase the uptake in heart
and peripheral skeletal muscle, co- or pre-administration of heparin could also affect the uptake as re-
ported in literature.*****° For lipid nanoemulsions stabilized with glucose, a reduced lipid uptake in mus-
cle is expected, as the muscles would preferentially metabolize the rapidly available energy provided
from the glucose. Glucose uptake would however not be reflected in the distribution pattern assessed
with a triglyceride tracer, as glucose comprises the outer continuous phase of the nanoemulsion while
the tracer is distributed to the lipid droplet core and thus does not reflect the distribution (and possible
metabolism) of the outer continuous phase.

Finally, these experiments are seen as pilot experiments providing hints for the identification of opti-
mized experimental setups. For statistically sound conclusions on the biodistribution, repetitions of the

in vivo experiments need to be conducted with larger group sizes.
5.5 Conclusion

Adding high concentrations of glucose to coarse lipid emulsions prior to homogenization led to a con-
siderable reduction of the obtained droplet size below 200 nm while maintaining the oil-to-surfactant
ratio and process energy. The incorporation of glucose and reduction in droplet size in turn led to an
increase in the formation of lipid oxidation products that could be offset by increasing the EDTA che-
lator concentration in the case of secondary oxidation products. Preliminary tissue distribution studies
carried out in mice showed a reduced — compared to previous studies with 280 nm-sized emulsions —

but still highest uptake in lung tissue.
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6.1 Introduction

Intravenous lipid emulsions intended for clinical application must comply with high regulatory stand-
ards.” Patients already weakened from a primary disease needing parenteral nutrition should not be
burdened with low-quality therapeutics further worsening their condition. Highly unsaturated lipids are
inherently susceptible to oxidative degradation.**® Oxidized lipids on the one hand do not fulfill their
intended purpose as supply of essential fatty acids anymore and on the other hand can further exert
severe health effects by impairing the structure and as a consequence also the function of cell mem-
branes, proteins and DNA.*% It is thus crucial to diligently test lipid emulsions prior to administration.
To increase confidence of compliance with the limits and reduce rejects from non-compliant batches,
the manufacturing process should be designed to reliably deliver high quality products.

Lipid oxidation products can either be limited by introducing counteracting excipients®”’ into the for-
mulation or by setting up the process** in such a way that oxidation is reduced or even prevented. From
the perspective of the regulatory bodies, a formulation should be as simple as possible and contain only
few selected excipients.?' In single applications such as once-only injections, higher doses of excipients
are tolerated. In potentially repeatedly administered infusions with higher volumes, less amounts of ex-
cipients are tolerated to avoid chronic toxicity.'>* Through the continuous administration, also low doses
can easily accumulate and harm the patient. From a scientific perspective it is better to control the pro-
cess and prevent the occurrence rather than counteract the avoidable effects with excipients. In this
chapter, the influence of the manufacturing protocol on the emulsions’ characteristics was studied with

the aim of identifying optimal process parameters to limit the lipid oxidation.

When producing lipid emulsions by high-pressure homogenization, several process parameters can be
varied, including the batch size, the number of homogenization cycles, the process pressure and the
cooling temperature. Varying these parameters can have an influence on the physical (droplet size, pH)
and chemical (oxidation products, hydrolysis) stability of the produced emulsion. A higher process pres-
sure can mean that a higher stress is encountered, but that the total number to cycles necessary to reach
the target droplet size is reduced'*®, so that overall the total oxidative stress is reduced. Efficient pre-

mixing reduces the number of required cycles and thus also minimizes total oxidative stress.

The number of homogenization cycles should be carefully chosen to be as low as possible, but as many
cycles as are needed to yield formulations stable for the intended usage period of at least three months.
After exposure of the high process pressure within the reaction chamber, the pressure is rapidly released
when the product is back to atmospheric pressure at the outlet. This rapid pressure drop can have a
negative impact on the product and thus ways to mitigate the harsh release are studied. Feed through a
stainless steel cooling coil where the walls cannot expand and thus provide support, helps to alleviate
the pressure drop. The longer the cooling coil, the longer the distance for the pressure to drop and thus
the flatter the gradient. Using a shorter or no cooling unit at all can be insufficient. The introduction of
a backpressure module can be a valid alternative in this situation.'**'*” The function of a backpressure
module is similar to the confined walls of the cooling coil. By keeping the product inside a narrow path
that only gradually widens, the pressure drop can be modulated. Apart from the introduction of a back-
pressure module, also its position up- or downstream of the reaction chamber can be varied.

To account for the heat of compression, the product can be cooled after homogenization.'**'*** This
happens by circulating the product in a cooling coil (also termed heat exchanger), submerged in a cool-
ing medium, without the two fluids touching. The cooling efficiency can be influenced by the duration
of this interaction (via the length of the cooling coil), but also by choosing the temperature of the cooling
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medium. At increased temperature the viscosity is decreased and thereby size reduction is more efficient,
again potentially requiring less homogenization cycles. Thus, also complete omission of the cooling
option and instead collection of the product right after the high-pressure reaction chamber is an option
evaluated. The batch size can be flexibly varied from a minimal batch size of 10 ml onwards. In prelim-
inary studies, an effect of the batch size on the oxidation parameters was found.

Another point of manipulation of the process is the determination how the emulsion is fed into the sys-
tem. The default setup at the time of acquiring is an open funnel-shaped reservoir. This reservoir is
available either in glass or stainless steel. For the reservoir, interaction with the environment is possible.
This on the one hand allows to continuously mix the coarse emulsion in the feeder to improve the ho-
mogenization efficiency and lower de-mixing stress on the oil phase, but on the other hand bears the
risk of product contamination with endotoxins, microbes or prolonged exposure of the highly susceptible
poly-unsaturated fatty acids to atmospheric oxygen. Alternatively, adapters with luer-connectors for fit-
ting syringes are available. The luer adapters allow the system to work with syringes where the product
is fed in with a syringe. For that no action by the operator is required, same as for the open reservoir the
underpressure created by the pump automatically feeds in the coarse emulsion. After passing the reaction
chamber and the optional cooling unit the product is fed into a second syringe. For a subsequent homog-
enization cycle, simply the positioning of the two syringes (empty and filled) can be exchanged and the
machine is run another time. The motivation to use syringes is that they protect the emulsion from the
surrounding environment, reducing environmental contamination as well as exposure to atmospheric
oxygen. Moreover, no contact with the product is possible anymore, especially favourable for working
with radioactive material (as planned for in vivo biodistribution studies) so that no contamination of the
operator is possible.

The choice of the manufacturing parameters can heavily affect the obtained product characteristics.
Compared to commercial reference emulsions, the oxidation parameters of in-house manufactured
emulsions are increased. Therefore, possible modifications of the process parameters were studied in
search of identifying those leading to the lowest formation of oxidative degradation products.

6.2 Methods

Lipid emulsions were produced by wetting 1.2% Lipoid E80 (Lipoid GmbH, Ludwigshafen, Germany)
in 5-10 ml purified water (NANOpure Diamond™ Barnstead, Thermo Scientific, Waltham MA, USA)
and let to swell in a water bath at 45 °C for 2 hours. Ethylenediaminetetraacetic acid (EDTA; disodium
salt dihydrate, >99%; Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in water was added at a final
concentration of 2.5 uM followed by 2.2% glycerol (99+%; Acros Organics, New Jersey, USA) as iso-
tonicity agent. Next, either 20% soybean oil (Lipoid Purified Soybean Oil 700, Ph. Eur., USP; Lipoid
GmbH), 10% fish oil (Bioriginal, Saskatoon SK, Canada), 20% SMOF oil mix (consisting of 30% Lip-
oid soybean oil, 30% Bioriginal coconut oil, 25% Lipoid Purified olive oil and 15% Bioriginal fish oil)
or 20% Formula#3 oil mix (consisting of 50% Natures’ Crop Ahiflower oil [Natures’ Crops, Kensington
PEI, Canada], 25% coconut oil [Bioriginal] and 25% olive oil [LIPOID purified olive oil, Ph. Eur.,
Lipoid AG, Steinhausen, Switzerland]) was added as oil phase. a-Tocopherol (Type V, ~1000 IU/g;
Sigma-Aldrich, St. Louis MO, USA) was supplemented at a final concentration of 0.016% and purified
water was added to reach the final volume of 50 ml. The coarse emulsion was processed by high-pressure
homogenization on a ShearJet HL60 (Dyhydromatics, Maynard MA, USA) equipped with a 75.1T re-
action chamber for 6 cycles at a set process pressure of 22 kpsi (1517 bar). The manufacturing process
was varied for the used cooling unit, the insertion of a backpressure module and type of feeder. Variable
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parameters are displayed in Tab. 6.1. The 200.2 L backpressure module and the long heat exchanger
were taken from the ShearJet PL300, where previous emulsions had been manufactured on.

Tab. 6.1: Variable process parameters evaluated for the identification of an optimal manufacturing setup

Variable

Different levels studied
Parameter

short (5 cm length, 4 cm long (21 cm length, 7 cm

Cooling unit diameter, 7 coil windings)  diameter, 27 coil windings) fone

Backpressure downstream of reaction upstream of
none .

module chamber reaction chamber

Type of feeder stainless steel reservoir plastic syringe

Emulsions were characterized before and after autoclaving. For autoclaving, pH was adjusted to 8.5-9.5
with 1 M NaOH. Emulsions were filled in glass vials, the headspace was covered with inert gas (Argon
5.0, PanGas AG, Dagmersellen, Switzerland) and the vial was crimped. Emulsions were sterilized by
autoclaving for 15 min at 121 °C at 2 bars (Systec DE-23, Systec GmbH, Linden, Germany). Droplet
size was measured by dynamic light scattering (Malvern Zetasizer 3000 HS A, Malvern Instruments,
Malvern, UK). The primary oxidation products were quantified according to the method described in
Chapter 2, “Quantification of Lipid Oxidation Products in Lipid Emulsions Requiring Minimal Sample
Volume”, using the mFOX assay. Secondary oxidation products were quantified according to the
TBARS assay, detailed in Chapter 2. Total free fatty acids were quantified by fluorescence detection
after labelling with a fluorophore and separation by high-pressure liquid chromatography, as described
in Chapter 3, “Determination of Free Fatty Acids in Lipid Emulsions by Fluorescence-Detection Based
High Performance Liquid Chromatography”.

6.3 Results

A total number of 48 emulsions with different oil types were produced in the course of this study, con-
sidering the autoclaving step gave rise to 96 data points per parameter. The thermal stress from auto-
claving did only have a minor impact on the emulsions’ characteristics. The composition within one
subset for each oil type remained constant to allow meaningful comparison. All emulsions were pro-
duced at a constant batch size of 50 ml and a set process pressure of 22 kpsi (1517 bar). With regard to
formation of oxidative degradation products, an ideal batch size of 50 ml and process pressure of 22 kpsi
was identified in preliminary experiments (data not shown). The batch size is to be chosen as low as
possible to minimize resource consumption, but also had an influence on the obtained oxidation param-
eters. Below as well as above 50-100 ml, increased oxidation levels were encountered. Further studies
did not reveal the reason for this phenomenon. Formulations with the minimal batch size possible for
the machine, 10 ml, were paused in between cycles to mimic the time required for processing a higher
batch size, but still yielded increased oxidation values. Also batch-processing higher volumes in smaller
steps and subsequent pooling counter-intuitively lead to increased values, excluding exposure time as a
major influence factor. The stainless steel reservoir has a volume of 100 ml, when working with volumes
above this threshold level, two containers need to be used for the manufacturing while otherwise the
product can be cycled back into the original container, possibly leading to more efficient homogeniza-
tion. The increased values of smaller batch sizes could be explained by a smaller dilution factor of the
oxidative stress of the initial acceleration at the beginning of each cycle until the machine is running.
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Fig. 6.3: Droplet size of non-autoclaved emulsions (same emulsions as  Fig. 6.4: Influence of the cooling system on pri-
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On average, a yield of 95-98% of the starting volume was achieved when using the open reservoir com-
pared to values between 80-90% when using the plastic syringes, depending on the number of cycles
homogenized. The yield of emulsions prepared using plastic syringes to feed the material was not opti-
mal as the feeding syringe could not be emptied as much as the open reservoir. Instead, a resistant
pressure built up from the outlet side, and as soon as the receiving syringe at the outlet was removed
(and thus the resistance removed), the pressure was released and some product squirted out. Use of the
backpressure module installed downstream of the reaction chamber resulted only in a minimal effect on
the droplet size, as shown exemplary for autoclaved emulsions in Fig. 6.1 and Fig. 6.5. The largest
difference is seen for soybean oil-based emulsions where use of the backpressure module lead to mini-
mally larger droplet sizes. Upstream insertion of the backpressure module also did not lead to consider-
able changes in the droplet size. Comparing the obtained droplet sizes, the strongest influence can be
attributed to the used oil type: droplets of fish oil emulsions were smaller than droplets of emulsions
with soybean oil, SMOF or Formula #3. This distribution also corresponds to the used oil-to-lecithin
ratio, which was 8.3 for the fish oil emulsions and 16.7 for the other three compositions. The used
cooling unit also had an effect on the obtained droplet size, this time shown for the emulsions prior to
autoclaving in Fig. 6.3 and Fig. 6.7. While the measured difference between the droplet size of emulsions
produced using the long and the short cooling unit remained below 10%, complete omission of the
cooling decreased the obtained droplet size by more than 15% with a maximum difference of 30.4%

again seen for soybean oil. The same trend is seen when manufacturing emulsions using the syringe
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setup (data in Appendix, see Fig. A17-Fig. A19), where also smaller droplet sizes result from omitting
the cooling. Using syringes instead of the open stainless steel feeder generally led to smaller droplet
sizes. Nevertheless, through the sealing in syringes, the coarse pre-mix was not accessible from outside
and no constant mixing of the unprocessed emulsion in the feeding syringe was possible. This led to a
rapid de-mixing and then isolated homogenization of the two phases, occasionally requiring more ho-
mogenization cycles to homogenize until no isolated lipid droplets floating on top were visible anymore.
Especially in situations of insufficient premixing or de-mixing because of the inaccessibility of the sys-
tem, cooling was sensitive. Excessive cooling in these cases led to solidification of the isolated oil phase.
Solidification of isolated oil under excessive cooling also bore the risk of clogging the instrument.

The influence of the manufacturing parameters on the primary oxidation products is shown in Fig. 6.4
and Fig. 6.6, this time shown as representative example the non-autoclaved emulsions produced with
soybean oil and fish oil and autoclaved emulsions with SMOFlipid and Formula #3 oil mixture. Highest
values were measured when using the backpressure module, irrespective of the insertion position. The
situation with regard to the influence of the cooling system is inconclusive, for soybean oil the highest
value is obtained when using the long cooling unit, while for the other oil types highest values are ob-
tained while using the short cooling unit. Again, clustering based on the used oil type can be observed,
emulsions prepared from soybean oil yielded the lowest values of primary oxidation products overall.
The influence of the homogenization process itself is visualized in Fig. 6.4, the increase compared to

reference values of unprocessed oils is marginal.
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For the secondary oxidation products, the main contributor was the homogenization process itself. The
increase compared to reference values from unprocessed oil was up to 30-fold. Same as for the primary
oxidation products, a trend based on the used oil type can be observed, especially pronounced when
comparing soybean and fish oil-based emulsions in Fig. 6.2. When omitting the backpressure module,
lower or equal values were obtained, with the exception of Formula #3 in Fig. 6.8 for the short cooling
unit. This is the only case where the insertion of the backpressure module upstream of the reaction
chamber resulted in a reduction of the oxidation parameters. The influence of the choice of the cooling
setup on the product characteristics is less conclusive. Also, the relative difference between the corre-
sponding samples produced with the same oil type and backpressure setup is — again with the exception
of the short cooling unit for Formula #3 and the long cooling unit where the relative difference was
> 50% — much smaller. For soybean and SMOF-oil based emulsions, no cooling led to the lowest values,

while for the other two oil types use of the short cooling unit gave rise to the lowest values.

Meanwhile, no influence of the manufacturing setup could be found on the hydrolysis products by meas-
uring the free fatty acids (data not shown). The values were generally lower than the corresponding
commercial references. For soybean oil emulsions, an average of 30% of the value of Intralipid was
found, for fish oil emulsions similar values were obtained, equaling to only 6% of the reference value
obtained for Omegaven.

6.4 Discussion

The short cooling coil, no backpressure module and a stainless steel reservoir represent the standard
setup of the ShearJet HL60. Use of plastic syringes did not prove beneficial for practical reasons. On
the one hand, the yield was reduced through product loss while exchanging syringes in between cycles.
For possible working with radioactive material later on to study the biodistribution, this is not acceptable
as there is the risk of contamination. The syringe adapters are only compatible with the small cooling
unit, not the long heat exchanger, therefore this combination could not be studied. The oxidation prod-
ucts formed in emulsions prepared using syringes to feed were increased on average compared to for-
mulations produced with the open reservoir and the physical stability was reduced. The hypothesis was
established that the orifice of the syringe adapter is smaller than the one for the reservoir, leading to a
turbulent instead of a laminar flow. If air is entrapped inside the lipid droplets, this negatively impacts
the physical stability as well as promotes oxidative degradation. It could also be that the fittings were
not as tight as for the reservoir and that air was sucked in at the connections, although additional sealing
with Teflon band and/or parafilm did not improve the situation. Inclusion of air bubbles inside lipid
droplets will diminish all efforts of packing under protecting atmosphere, if the oxygen is already
trapped inside the formulation. This is suspected to happen when working with the syringe setup. More-
over, entrapped air will also markedly lower the physical stability.'** Eventually, any gasses incorpo-
rated will be gassing out and rise to the surface, thereby also promoting phase separation. Without the
input of additional energy after gassing out (i.e. re-working after some days) spontaneous re-emulsifi-
cation is very unlikely. It is then energetically more favourable for the phases to separate and to form
two individual layers.

The size of the syringe and the material can be freely chosen, although in our case only 10, 20, and 50 ml
plastic syringes were evaluated. The same is true for the open reservoir, in this project only two 100 ml
cylinders made from either glass or stainless steel were studied. From the short interaction time no in-
fluence of the material on the product is expected. Glass should be inert anyways, and the other surfaces
the product later on comes into contact with (reaction chamber, cooling coil) are made from stainless
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steel, so contact with this material cannot be avoided anyways. With the glass reservoir, emptying can
be visually observed better as the machine should never run dry. This is on the one hand to prevent
collapsing of the narrow paths in the reaction chamber and thereby permanent damage to the costly
reaction chamber but also intentional incorporation of air into the product that would negatively impact
the chemical and physical stability. With the stainless steel reservoir on the other hand, it is possible to
insert an inline-thermometer to monitor the product temperature.

The oxidation values of initial emulsions produced on the ShearJet HL60 were elevated compared to
previous experience from working on the ShearJet PL300. To check for a possible benefit, extension of
the cooling by installing the heat exchanger of the ShearJet PL300 on the ShearJet HL60 was examined.
Intuitively, the colder and longer the cooling, the better for the product to minimize the extent of oxida-
tive degradation (under the assumption that — according to the Arrhenius law — at increased temperature
also degradation reactions occur faster). However, excessive cooling is also to be avoided, as triglycer-
ides may solidify at a higher temperature than water. The melting temperature of triglycerides depends

on the degree of unsaturation and how densely they can be packed.*”

The higher the degree of unsatu-
ration, the lower the melting point. Fish oil with a high number of unsaturated bonds remains liquid in
the fridge, while coconut oil, the almost fully saturated and rather short-chained FAs (according to Tab.
1.2, General Introduction, 80% C14 and shorter fully saturated FAs, 91.5% total SFA) melt only above
30 °C. This can become an issue in too harsh cooling. We observed that if the temperature dropped
below 15 °C (in a mixture the melting point is lowered), the lipid phase started to solidify, was separated
from the rest of the formulation and this was thought to further increase the stress of the separated lipid
phase. Inside an emulsion on the other hand, the lipids are better protected from stress, and thus also
proper pre-mixing should reduce the oxidative degradation. Efficient pre-mixing experimentally also

reduced the number of required cycles and thus also lowered total oxidative stress.

In summary, the cooling parameters can have a considerable influence on the products’ characteristics
and determining the right cooling temperature and duration is important to minimize oxidative degrada-
tion. Some phenomena counteract each other, so it is not automatically the colder the better, but one or
several local optima may exist. In our studies, no striking benefit of extending the cooling unit at the
cost of the increased minimal batch size was detected. The data rather hint towards complete omission
of any cooling, although the product temperature then reached levels of up to 75 °C and it remains
questionable how such a thermal stress is not reflected in the measurement of the oxidative degradation
products. One explanation could be that all the oxidation products have been oxidized further to subse-
quent degradation products not captured with our current assays. For this hesitation, it was decided to
continue working with the standard short cooling unit. Although the omission of the cooling unit led to
smaller droplet sizes, all produced emulsions met the target droplet size < 350 nm.

Some commercially available machines (Microfluidizer M-110Y, Dyhydromatics ShearJet PL300, see
Chapter 1, General Introduction) are equipped with a backpressure module by default, and thus also a
potential benefit for the Dyhydromatics ShearJet HL60 was studied by inserting a backpressure module
downstream of the reaction chamber. When using the Microfluidizer M-110Y with the H30Z (Z-type)
interaction chamber, the manufacturer recommends introducing the backpressure module upstream of
the interaction chamber. Instead of modulating the pressure drop it then acts to pre-mix the unprocessed
mixture prior to the Z-type interaction chamber with less efficient homogenization properties than the
Y-type interaction chamber. For this reason, also runs with the backpressure module introduced up-
stream of the reaction chamber were conducted and evaluated in an attempt to identify the optimal man-

ufacturing setup. Also here, deviation from the standard process did not result in a reward. The droplet
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size was increased and the oxidation parameters were not lowered. Study of a single oxidation parameter
alone is meaningless, only both parameters combined allow the drawing of reasonable conclusions. As
the generation of oxidation products are interlinked, a reduction of the primary oxidation products may
in turn lead to an increase in the secondary oxidation products. Based on our results, the strongest con-
tribution was attributed to the used oil type and — for the secondary oxidation products — the homogeni-
zation process itself.

The free fatty acids were only minimally affected by the manufacturing setup. All values remained well
below the thresholds levels of commercial references and were thus not considered as indicative for
identifying an optimal manufacturing setup. All emulsions are only n=1 and we should not draw too
many conclusions from these results yet. However, these studies conducted either identified trends in
terms of avoiding the generation of oxidative degradation products or revealed practical limitations of

deviating from the standard manufacturing protocol.
6.5 Conclusion

For practical reasons, use of syringes to feed the product was abandoned and not studied further. The
introduction of a backpressure module either up- or downstream of the reaction chamber only had a
marginal effect on the droplet size and no consistent benefit on the measured degradation products. The
same is true for extending the cooling unit where increased levels of degradation products were found
when using the elongated cooling unit. Omitting the cooling at all led to a smaller droplet size with
inconclusive impact on the oxidation products. No studied alteration from the standard process setup
proved consistently superior regarding lipid oxidation in all four studied formulations. Changes to the
manufacturing process seem to be less suited as means to lower the degradation products. Instead, fur-
ther studies of incorporating excipients into the formulation to reduce oxidation are indicated. For rou-
tine production of our emulsions, we will use the standard setup with the installed open feeder, no back-
pressure module and the standard short cooling unit, resulting in a product outlet temperature around
15 °C.
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7 FINAL DISCUSSION AND FUTURE PERSPECTIVES

Need for innovation

In particular in preterm infants, timely use of PN is critical to ensure proper supply of nutrients and
avoid deficiencies.”'*"’ Due to transient gut immaturity, preterm infants do not tolerate enteral nutrition
yet and most preterm infants receive PN for at least the first few days of their life.**°' Lipid emulsions
are important constituents of PN; studies in preterm infants showed that biochemical signs of essential

402,403

fatty acid deficiencies can develop within already 72 hours of insufficient provision with essential

fatty acids and after 7 days also clinical signs are apparent.***

Intralipid as most commonly used parenteral lipid emulsions is based on soybean oil rich in n—6 PUFAs,
but lacks adequate levels of n—3 PUFAs.”*% In recent years, strong evidence has emerged on the health

405,406

benefits of n—3 PUFAs in the diet for the prevention of cardiovascular diseases , maintenance of

408 inflammatory conditions***“?. These findings have also

neurological function*”” and healthier aging
been extended to PN.*!° Particularly for use in preterm infants, sufficient supply with n—3 PUFAs is
required to ensure proper neurological development.*''*!? For this reason, further use of Intralipid in
preterm infants is not adequate anymore.*"> Growth or developmental delays can affect patients’ health

and wellbeing for the rest of their lives and thus need to be prevented as much as possible.*"!

In this work we described the manufacturing of a lipid emulsion formulation based on a composite plant-
derived oil component rich in shorter n—3 PUFA. We started by evaluating different modes of manu-
facturing and decided to acquire an electrically-powered high-pressure homogenizer to overcome the
shortcomings of insufficient stable supply of high-pressure air supply in our laboratories. We then
demonstrated that it is possible to reproducibly manufacture lipid emulsions on the new machine with
consistent physical characteristics. Replacing the oil type did not alter the obtained physical product
properties and the droplet sizes of the commercial references could successfully be mimicked. Pro-
cessing the coarse emulsions on a Dyhydromatics ShearJet HL60 at a process pressure of 1500-1600 bar
yielded the desired characteristics in six cycles. Using two different techniques, dynamic light scatter-

. 187,188 191-194

ing and scanning electron microscopy , a narrow droplet size distribution of our formulations

was shown and regulatory compliance with the mean droplet size and PFATS requirement'*!*16? for

the prevention of lipid embolisms set by the United States Pharmacopoeia was proven.

The Formula #3 oil mixture was invented by Dr. Eliana Lucchinetti, the residual composition of the
lipid emulsion (i.e., isotonicity agent, antioxidant, phospholipid concentration) was inspired from the

133 proved to be most effective for

composition of currently existing formulations.”’ Egg phospholipids
the production of physically stable lipid emulsions with narrow droplet size distributions. While guide-
lines exist for the physical parameters, no equivalent requirements are set for the chemical stability.
Unsaturated fatty acids, while essential for ensuring normal functioning of the body?®, are susceptible to
lipid oxidation and thus detrimental to product quality.'”* 2% Moreover, patients weakened from a pri-
mary condition requiring the use of parenteral nutrition should be spared from further harm from oxi-

dized lipids impairing cardiovascular health and promoting oxidative stress. '8¢

Implementation of assays for the quantification of the degree of lipid oxidation built the essential cor-
nerstone for the successful development of lipid emulsions suitable for clinical use. The successful de-
velopment of two spectrophotometric assays for the quantification of lipid oxidation products using
minimal sample volume in a 96-well plate allowed to timely characterize the manufactured emulsions

and optimize the composition accordingly. Due to the lack of pharmacopoeial limits for lipid oxidation
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products, the values determined from commercial references were used as benchmarks. The newly in-
troduced plant-based composite oil mixture rich in n—3 PUFA was highly susceptible to oxidative deg-
radation, primarily due to the newly introduced Ahiflower oil with > 92% of mono- and polyunsaturated
FAs. EDTA'?%24 as added at a final concentration of 2.5 uM as metal chelator to scavenge divalent
metal ions stemming from the equipment surface that could act as prooxidants for the generation of

secondary oxidation products while a-tocophero]!®!!¢-141:270

was added at 152 mg per liter of emulsion
(760 mg (kg oil)™") as potent antioxidant also endogenously present in certain oil sources. For consider-
ations of accumulation in a therapy setting where lipid emulsions are continuously administered over
longer periods (> 14 days), the EDTA concentration was chosen as low as possible to still reach levels
of secondary oxidation products similar to those found in commercial lipid emulsions for PN. Concen-
trations of a-tocopherol were chosen similar to the levels found in commercial lipid emulsions. While
EDTA is neither present in Intralipid nor Omegaven, both formulations also contain o-tocopherol.?®
Intralipid contains only little a-tocopherol, but primarily the isoform y-tocopherol. Total tocopherol
contents in both formulations range around 190 mg (L emulsion)” (950 mg (kg oil)") and 150-300 mg
(L emulsion)” (1.5-3 g (kg oil)™) in Intralipid and Omegaven, respectively. Through the incorporation
of these excipients, the primary oxidation products were reduced to 1.95-fold the level of Intralipid and
0.25-fold the level of Omegaven. The secondary oxidation products were measured at 43.6-fold and
1.22-fold the levels of Intralipid and Omegaven, respectively. Further screening for suitable excipients
to lower the secondary oxidation products may be needed, although no toxic effects were observed from
the increased (mainly secondary) oxidation products in the in vitro cell viability experiments as well as
after 7 days infusion for total parenteral nutrition in mice by our collaborators. The total FFAs complied

168 and were measured at 27% and 6% of the

with the limits stated by the United States Pharmacopoeia
corresponding levels of Intralipid and Omegaven. FFAs are again crucial to be limited particularly for
the use of lipid emulsions in preterm infants: Excess FFAs may bind to albumin and compete with
bilirubin. Increased bilirubin levels in infants in turn may lead to jaundice with possible progression up

to severe neurotoxicity.*** %

Reduced droplet size
Following evidence from literature that smaller lipid droplets are extracted slower and accumulate less

in the liver*®3%%376

, a formulation with <200 nm droplet size has been developed. The droplet size re-
duction was achieved by adding high amounts of glucose to the formulation prior to homogenization,
but otherwise maintaining the process parameters (homogenization cycle number, process pressure) and
by keeping the oil-to-surfactant ratio at the same level as Omegaven. With this, a droplet size reduction
down to 35% of the initial value was achieved. An intermediary formulation at 56% of the original
droplet size (161 nm) was chosen as starting point for further improvements. Through the reduced drop-
let size and the high glucose concentration, the oxidation products were increased. By increasing the
EDTA concentrations 4.75-fold, the elevation of secondary oxidation products was successfully reverted
back to the original range. The primary oxidation products were still increased at 8-fold of the original
level. Further innovation is needed to identify a way — either by adding suitable excipients or by modi-

fying the manufacturing process — to lower the primary oxidation products.

Optimizations of the manufacturing process and scale-up

Changes to the manufacturing process to alleviate the pressure drop from the high process pressure to
atmospheric conditions potentially harming the lipids as well as improving the cooling of the product to
spare from the heat of compression did not reduce the formation of oxidative degradation products.
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However, for a future transition to a clinical setting, scale-up and transfer to a good manufacturing
practice (GMP)-compliant environment is needed.*****>*!* By chance, this holds the potential of further
reducing the lipid oxidation. In an enclosed space in an insulator, and by flushing with inert gas (e.g.,
nitrogen), atmospheric oxygen can be prevented from coming into contact with the products. This was
not available in the current academic setting so far.

The current product output of the machine is limited at 7-10 ml processed emulsion per minute.*'> For
supply of clinical trials with larger quantities required, the switch from the current pilot-scale to an
industry-scale homogenizer is likely needed. Dyhydromatics also offers large-scale homogenizers with
the promise that process parameters can easily be transferred from the pilot scale instrument. Large-
scale homogenizers also work with two complementary pumps, so that the high pressure is always main-
tained and stress from the rapid acceleration is effectively diminished. Efforts to scale-up may therefore

incidentally lead to a reduction of the oxidation parameters.

Further insights are needed for the determination of an appropriate shelf-life.”> Up to now, oxidation
was the limiting factor defining for how long the emulsions could be used in in vivo experiments. How-
ever, these findings were compromised from oxygen entering through multiply pierced rubber stoppers.
If left alone and not repeatedly sampled the physical stability becomes the limiting factor with signs of
creaming around 6 months after manufacturing. In the current setting, it was feasible to have a fresh
production every 3 months. However, for future applications further insights into the degradation path-
ways are needed to define appropriate shelf-lives and also take preventive measures for an effective

improvement of the duration a product can still be used.

Tissue distribution

In our biodistribution studies in mice, a consistently high uptake in the lung was found (> SUV 15) for
both n—6 PUFA rich soybean oil and n—3 PUFA-rich plant oil-based emulsions. This pattern was re-
produced for both formulations also at a reduced droplet size, although the effect was less pronounced.
n—3 PUFA-rich formulations cleared faster from blood and plasma than soybean oil-based formulations.
This is in agreement with Qi et al.’s report from 2002**2, however, in a different report**, slower blood
clearance was found for pure fish oil-based emulsions. Addition of medium-chain triglycerides and n—6
long chain triglycerides to fish oil again accelerated the blood clearance, making it even faster than
MCT/n—6 long chain PUFA alone.****% For an accelerated blood clearance of n—3 rich oils thus the
addition of MCT seems crucial. This condition is fulfilled in our case where apart from the n—3 PUFA
rich Ahiflower oil also coconut oil rich in MCT is injected. Qi ef al. in 2003 further confirmed the effect
of fish oil addition leading to a more rapid blood clearance, with a size-dependent effect size, which was
more pronounced for larger lipid droplet sizes.*** In our experiment, no difference in the blood clearance
between 170 nm and 285 nm sized soybean emulsions was found.

Pure fish oil-based formulations have not been studied yet in our experiments. To confirm the lipid type
as driver for the blood clearance, formulations based on n—3 PUFA-rich fish oil or addition of alternative
oil sources to the Formula #3 oil mixture could be prepared as in the example of commercial SMOFlipid
and studied accordingly. Also different mixing ratios of #—6 rich soybean oil and n—3 rich Formula #3
within the same formulations might reveal a dose-dependent shift in blood clearance. Similar consider-
ations can also be done for the droplet size. Further droplet size levels could be prepared to determine a
size-dependent effect, then also with a control sample for the increased glucose administration.

Tissue distribution studies to identify optimal experimental parameters (injection volume/lipid dose,
organs of interest, incubation times, administration mode) have been conducted in a pilot setup style to
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reduce unnecessary animal experiments, but need to be confirmed for the optimal conditions at higher
replicate numbers for consolidated, statistically sound statements. With all these further requests for
animal studies, animal welfare considerations need not be forgotten to only perform animal studies if
the information cannot be obtained by other means and all experimental designs need to be carefully set
up.

For easier handling, commercial availability and a long physical (decay) half-life, biodistribution studies
have so far been conducted with the long-lived isotope *H.*'® They come with the drawback of low tissue
penetration of the emitted radiation and thus the need for tissue dissection, solubilization and discolor-
ation for analysis. Efforts will continue to develop a ''C-radiolabelled triglyceride radiotracer to study
the time-resolved tissue distribution of lipid emulsions by positron emission tomography.*'’*! This
then allows the analysis of multiple time points per animal. This may even allow to follow the in vivo
metabolism of triglycerides after administration, by identifying and quantifying the radiometabolites by
HPLC with radiodetection or trapping in a cartridge for ''C-carbonate. Our center (Radiopharmaceutical
Science at the ETH) is currently establishing a method for FA and triglyceride labelling, under the su-
pervision of Dr. Linjing Mu in our research group.

Obtaining formulations with a balanced tissue distribution, i.e. less uptake in the liver, is the outcome
we can assess with our available techniques. What we ultimately aim for, however, is achieving a re-
duced inflammatory, potentially even anti-inflammatory action, and this is only confirmed in a long-
term in vivo setting. These are the clinically relevant conditions and it may well be that this is also
achieved independent of lower liver uptake. Uptake in the liver alone may not be harmful, if the formu-
lation is rich in n—3 and the anti-inflammatory action of #—3 is strong in the liver, high uptake does not
necessarily lead to promoted inflammation. In parallel, our 285 nm-sized formulation with the n—3
PUFA rich plant-based oil source was evaluated in a continuous infusion setting over 7 days in mice by
our project partners Prof. Michael Zaugg (University of Alberta, Edmonton, Canada) and Dr. Eliana
Lucchinetti (University of Alberta, Edmonton, Canada).** Compared to the two reference emulsions
Intralipid and Omegaven, our emulsion lead to more beneficial biological effects (see joint manuscript).
A patent has been filed to the European Patent Office and is still under embargo.

Before we can also translate the formulations with the reduced droplet size to the 7 day-in vivo setup,
toxicity from elevated (mainly primary) oxidation products needs to be excluded. For 285 nm sized
emulsions in a long-term setting over 7 days, no toxic effects were found due to increased — for the
285 nm-sized formulations compared to Omegaven secondary — oxidation products. However, we do
not know how these elevated levels can act as confounders for the tissue distribution — or worst case —
the inflammatory reactions in the body. Although we did not see acute toxicity in our tissue distribution
studies with maximally 60 minutes observation period after injection, this is not guaranteed that these
effects also directly translate to the 7-day infusion setting and reproduce the anti-inflammatory effects

seen with 285-nm-sized Formula #3 lipid emulsion.
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Conclusion

A novel lipid emulsion suitable for parenteral nutrition with the potential to change paradigms in clinical
use was successfully developed. Exchanging the oil source from a n—6 PUFA rich soybean oil to a plant-
based n—3 PUFA rich oil source with lower phytosterol levels and increased supplemented a-tocopherol
levels showed promising effects on immune markers in vivo, as concluded by our project partners. The
clinical benefits need to be confirmed in subsequent studies. Upcoming activities including attempts
towards the time resolved imaging of the tissue distribution and scale-up of the production to support
the further development towards clinical translation are the challenges awaiting us next.
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9 APPENDIX

Tab. Al: Supplier and purity of commercially obtained fatty acid standards used to establish calibration curves for quantification.

Fatty acid standard Provider Purity
C8:0, caprylic acid (octanoic) Fluorochem 99%
C10:0, capric acid (decanoic) Roth >98%
C12:0, lauric acid Fluka 98%
C20:5, eicosapentaenoic acid Cayman Chemical >98%
C13:0, tridecanoic acid Sigma-Aldrich >98%
C18:3 n—3, o-linolenic acid Fluorochem 70%
C18:3 n—06, y-linolenic acid Cayman Chemical >98%
C22:6, docosahexaenoic acid Cayman Chemical >98%
C14:0, myristic acid Acros Organics 99%
C20:4, arachidonic acid Cayman Chemical >98%
C18:2 n—6, linoleic acid Sigma-Aldrich >99%
C15:0, pentadecanoic acid Acros Organics 99%
C16:0, palmitic acid Sigma-Aldrich 99%
C18:1, oleic acid Fluorochem 99%
C17:0, heptadecanoic acid Tokyo Chemical Industries >98.0%
C18:0, stearic acid Hénseler Ph. Eur.

Tab. A2: Quantification matrix for establishing calibration curves with a typical composition of Intralipid. Pure standards are
mixed at different concentrations to yield similar (22.5-25 uM) total spiked FAs.

Fatty acid standard Mix 4 Mix 5 Mix 6 Ctrl
C18:3n—6 +2.5 uM +5 uM +10 uM

C14:0 +10 uM +2.5uM  +5uM

C18:2 +2.5 uM +10 uM +5 uM

C15:0 +10 uM +10 uM +10 uM +10 uM
C17:0 +10 uM +10 uM +10 uM +10 uM
C18:0 +10 uM +5 uM +2.5 uM
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Tab. A3: Composition of a spiking matrix for establishing calibration curves for quantification of FFA levels in Omegaven.

Fatty acid standard Mix 7 Mix 8 Mix 9 Ctrl
C20:5 +2.5 uM +10 uM +5 uM

C22:6 +10 uM +2.5 uM +5 uM

C20:4 +10 pM +5 uM +2.5 uM

C18:2 +2.5 uM +10 uM +5 uM

C15:0 +10 uM +10 uM +10 uM +10 uM
C17:0 +10 uM +10 uM +10 uM +10 uM
C18:0 +5 uM +2.5 uM +10 uM

Tab. A4: Matrix for establishing calibration curves for the quantification of FFA-levels in SMOFlipid emulsions. Quantities are

chosen to achieve similar total spiked FAs (30-32.5 uM) in all four standard mixes.

Fatty acid standard Mix 10 Mix 11 Mix 12 Mix 13 Ctrl
C20:5 +10 uM +5 uM +2.5 uM
C22:6 +10uM  +5uM +2.5 uM
C18:2 +2.5 uM +10 uM +5 uM
C15:0 +10 uM +10 uM +10 uM +10 uM +10 uM
C16:0 +10 uM +5 uM +2.5 uM
C17:0 +10 uM +10 uM +10 uM +10 uM +10 uM
C18:0 +5 uM +2.5 uM +10 uM
Mix1 — Mix2
— Mix3 — Ctrl
©
c
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Fig. A1: Chromatograms of calibration mixes 1-3 spiked with different amounts of selected pure standards according to Tab. 3.1 in
comparison to an unspiked control sample (“Ctrl”), all standardized to the internal standard C15:0 at a retention time of 9.2 min.
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Tab. AS5: Experimentally determined relative free fatty acid profiles of commercially available Intralipid and Omegaven as well as
Formula #3 lipid emulsion compared to theoretical composition of total (esterified and free) fatty acids, calculated from literature

values® and CoAs of oil components.

Intralipid experimental literature / CoA
C14:0 4.7% 0-0.1%
C16:0, C18:1 62.4% 32-35%
C18:0 18.7% 4%

Cl18:2 11.7% 53-56%
Cl18:3n—6 2.5% 7.8-8.1%
Omegaven experimental literature / CoA
C14:0 - 4%

C16:0, C18:1 71.8% 32-35.4%
C18:0 16.4% 1.25-2.1%
C18:2 3.6% 3.4-4%
C18:3n-3 - 4%

C20:4 3.9% 2.5-2.8%
C20:5 1.1% 20.3-24%
C22:6 3.2% 17.5-24%
Others - 7%
Formula #3 experimental literature / CoA
C12:0 4.5% 12%

C14:0 2.1% 4.5%
C16:0, C18:1 78.5% 32.3%
C18:0 13.4% 0.9%

C18:2 1% 9.1%

C18:3 n—3 0.5% 31.6%
others - 9.6%
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Fig. A2: Transmission electron micrograph of Formula #3 lipid emulsion showing very few (smaller) liposomes (diameter around
80-100 nm, red arrow), and a single multilamellar vesicle (green arrow). Dark shades correspond to imaging artifacts and are
indicated with yellow arrows.
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Fig. A3: Representative cryoSEM picture of commercial Intralipid for comparison. Small particles are marked with a red arrow,
artifacts from the sample preparation process with a yellow arrow.

—

) A Q

&

i @
1 pm EHT = 2.00 kY Signal A = InLens Moise Reduction = Pixel Avg. Date 11 Feb 2022
I ]

Aperture Size = 30.00 um Dwvell Time=100ns M =163

I 1 = Image Pixel Size = 5859 nm Scan Speed=8 Time :17:55:00
Mag= 5000Kx  WD=4.0mm e s am

Fig. A4: Selected cryoSEM view of commercial Intralipid showing enlarged lipid droplets marked up to a diameter of 800 nm,
marked with blue arrows.
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Fig. A5: Representative cryoSEM picture of commercial Omegaven. Extraordinary small particles are marked with red arrows,
artifacts from the sample preparation (ice crystals from freezing, cracks) with yellow arrows.
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Fig. A6: Selected excerpt of cryoSEM of commercial Omegaven showing a single droplet at 500 nm (blue arrow), all other drop-

lets are smaller. Many much smaller droplets are marked with a red arrow, artifacts from the sample preparation process are
highlighted with yellow arrows.
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Fig. A7: Absolute (bars, left axis) and relative (connected line, right axis) activity of consecutively collected fractions of *H-triolein
tracer incorporated into commercial Intralipid (black), Formula #3 (blue) or blank (grey) after separation by size exclusion chro-
matography.
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Fig. A8: Standardized uptake values (SUV) of different tissues after administration of 37 kBq *H-triolein in 50 ul emulsion (Intralipid,
black bars or Formula #3, blue bars) after pre-injection of 50 ul of corresponding unlabeled emulsion, 10 minutes (filled bars) or
60 minutes (diagonal down striped bars) after injection (n=1 animal per time point; bars, individual values or means and standard
deviation if more tissues of the same animal were analysed).
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Fig. A9: Representative scanning electron micrograph of a 7% fish oil nanoemulsion stabilized with 45% glucose. Red arrows in-
dicate selected markedly smaller than average droplets while yellow arrows highlight artifacts from the sample preparation pro-
cess.
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Fig. A10: Selected scanning electron micrograph of identical formulation as in Fig. 5.11, with additional single lipid droplet with a
diameter of 570 nm, marked in blue. Artifacts are marked with a yellow arrow, especially small droplets with red arrows.
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Fig. A11: Selected scanning electron microscopy picture of 7% soybean emulsion with 45% glucose, showing a single lipid droplet
at increased size of 360 nm (marked with a blue arrow). Imaging artifacts are again highlighted with a yellow arrow, a selected
small droplet with a red arrow.
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Fig. A12: Selected scanning electron micrograph of a 7% fish oil nanoemulsion stabilized with 45% glucose. Smaller-than-average
droplets are marked with red arrows, artifacts from the sample preparation process with yellow arrows, and a single lipid droplet
at an increased size of 405 nm is highlighted with a blue arrow.
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Fig. A13: Transmission electron micrograph of n—3 PUFA-rich plant-based lipid nanoemulsion after removal of glucose. Few
particles maturated from the repeated centrifugation are marked with blue arrows, liposomes with red arrows and a single multila-
mellar vesicle with a green arrow. Black shades indicated with yellow arrows correspond to artifacts from the imaging process.
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Fig. A14: Representative transmission electron micrograph of n—3 PUFA-rich plant-based lipid nanoemulsion after removal of
glucose by repeated centrifugation. Matured particles from the centrifugation stress wider than the average droplets are high-
lighted with blue arrows, liposomes with a red arrow and a multilamellar vesicle with a green arrow. Yellow arrows represent
artifacts from the imaging process.
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Fig. A15: Standardized uptake value in different tissues 10 minutes (filled bars) and 60 minutes (diagonal down striped bars) after
administration of 50 ul 20% lipid emulsion (blue bars, droplet size 272.4 nm, equivalent to 20 cal) in comparison to 100 ul 7%
lipid nanoemulsion (purple bars, droplet size 161.0 nm, same data as in Fig. 5.13) stabilized with 45% glucose (total calories ad-
ministered 224.7 cal, n=1 animal per time point; bars, individual values or means and standard deviation if more tissues of the
same animal were analysed)). Both formulations share the same Formula #3 oil source, but in different relative portions.
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Fig. A16: Comparison of standardized uptake values (SUV) of 100 ul soybean oil- (green bars, 166.9 nm droplet size, same data as
in Fig. 5.14) and n—3 PUFA-rich plant-based oil (Formula #3, purple bars, 161.0 nm droplet size, same data as in Fig. 5.13)
nanoemulsions 10 minutes (filled bars) and 60 minutes (diagonal down striped bars) after injection (n=1 animal per time point;
bars, individual values or means and standard deviation if more tissues of the same animal were analysed). Apart from the oil type,
both formulations share the same composition.
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Fig. A17: Droplet sizes of emulsions prepared using plastic syringes, prior to autoclaving (n=1).
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Fig. A18: Droplet sizes of emulsions manufactured using plastic syringes, as a function of the used cooling system. Data prior to
autoclaving, same data as in Fig. A17 (n=1).
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Fig. A19: Droplet sizes of autoclaved emulsions prepared using plastic syringes (n=1). Same emulsions as in Fig. A17 and Fig.
AlS.

APPENDIX | 131



