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Summary

Summary
In the last decades, intoxication due to drug overuse and subsequent overdose has become one
of the leading causes of mortality worldwide. Contrary to common opinion, intoxications do
not only occur as a result of exogenous toxins but endogenous ones as well. Most endogenous
substances, i.e. metabolites, do not negatively impair health unless they are present in excessive
amounts within the human body. In the majority of cases, a significant rise in metabolite levels
is linked to errors in certain metabolic reactions or to a failure in detoxification mechanism due
to a diseased organ (e.g. liver). Amongst the endogenous metabolites that have been related to
diseases are the herein investigated compounds ammonia and its methylated analogue
trimethylamine (TMA).
Ammonia is a metabolite that is vital in amino acid metabolism and fundamental for normal
acid base balance. The majority of systemic ammonia is generated in the colon and metabolized
in the liver by the urea cycle. An elevation in blood ammonia levels, referred to as
hyperammonemia (HA), can be the result of inborn errors in the urea cycle or of a diseased
liver (e.g. cirrhosis). Ammonia is a neurotoxic agent capable of penetrating the blood brain
barrier, where it can indirectly induce neuropsychiatric symptoms (referred to as hepatic
encephalopathy (HE) in the case of liver disease). Current state-of-the-art HE treatments, such
as the antibiotic rifaximin and the laxative lactulose, mainly target the generation and absorption
of ammonia from the colon. However, due to the increasing risk of antibiotic resistance and
their potentially negative influence on the human microbiota as well as their modest efficacy
and significant side effects, these treatments are not ideal for long-term use.
The methylated analogue of ammonia, TMA, is a volatile, foul-smelling, diet-derived amine
that is primarily generated in the colon and metabolized in the liver to its odorless N-oxide. An
inherited deficiency in the enzyme responsible for this oxidation process (Flavin containing
monooxygenase 3) leads to a rise in systemic TMA levels, also referred to as trimethylaminuria
(TMAU). The excretion of elevated amounts of TMA in sweat, breath, urine and other bodily
secretions gives individuals affected by TMAU a distinct smell of rotten fish. Although the
disorder appears to be of little medical concern, its social and psychological burden can be
devastating. To date, no disease-modifying treatment exists, and only a few pharmacological
therapies provide modest and transient benefits.
In light of the above, this Ph.D. thesis aimed at developing and characterizing polymeric
vesicles (i.e. polymersomes) that might be applied for the chronic treatment of the two
metabolic disorders, namely HA and TMAU.
Chapter 1 provides an introduction on biodetoxification with emphasis on endogenous
metabolites. The metabolic disorder HA is explained in detail, including current research
findings on liposomal detoxification systems for the sequestration of the metabolite ammonia.
Furthermore, polymeric vesicles, the synthetic analogues of liposomes, are introduced and their
physicochemical properties, preparation methods, and applications are described.
Chapter 2 gives an overview of the current state of knowledge on TMAU, its underlying
disease mechanism, and potential treatment options. The current literature is critically reviewed,
especially emphasizing on treatment approaches that are currently being used or are under
5
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investigation. Novel research directions stemming from recent findings that highlight the role
of TMA in cardiovascular disease and that could be translated to TMAU are discussed as well.
Chapter 3 reports the investigation of transmembrane pH-gradient polymersomes consisting
of poly(isoprene)-block-poly(ethylene glycol) (PI-b-PEG) for their potential use in the
detoxification of ammonia. Polymers of varying length in both PI and PEG blocks were
synthesized via nitroxide-mediated polymerization, and subsequently screened for their ability
to self-assemble into polymersomes in aqueous media. After optimization of the self-assembly
process, sequestration of ammonia was investigated in an in vitro setup. While the majority of
tested vesicular systems was able to capture ammonia in simulated intestinal fluids, uptake was
lost in a partially dehydrated medium mimicking colonic conditions. Interestingly, polymeric
crosslinking of the residual olefinic bonds in the PI block increased the stability of the vesicles,
partially preserving ammonia capture capacity in the simulated colonic environment.
Chapter 4 proposes the use of pH-gradient PI-b-PEG polymersomes to sequester the metabolite
TMA, in the context of TMAU. Transmembrane pH-gradient polymersomes were obtained
using the PI-b-PEG amphiphiles and the optimized vesicle formation method reported in
Chapter 3. The vesicles showed efficient capture of TMA both in solution and after
incorporation into a topical hydrogel matrix at the pH of the skin (5.8). A subsequent
randomized double blind olfactory study revealed a significant decrease in perceived odor
intensity after application of the polymersome based hydrogel on artificial skin substrates that
had been incubated in TMA-containing medium.
In Chapter 5, the main findings of the thesis are summarized and discussed. Further research
avenues that could potentially improve the promising results of the PI-b-PEG polymersome
system are considered. A special focus is placed on the amelioration of vesicular stability after
polymeric crosslinking, and the potential benefit of robust crosslinked vesicles in
gastrointestinal detoxification. In addition, an outlook about the translation of this system to
other indications is given.
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Zusammenfassung
Seit ein paar Jahrzehnten gehören Vergiftungen durch Medikamentenmissbrauch und überdosierung zu den weltweit häufigsten Todesursachen. Entgegen der gängigen Meinung
können Vergiftungen nicht nur durch exogene, sondern auch durch endogene Substanzen
verursacht werden. Der Großteil an körpereigenen Substanzen (Metaboliten) hat keine
negativen Auswirkungen auf die menschliche Gesundheit, es sei denn, sie reichern sich in
physiologisch unverträglichen Mengen an. In den meisten Fällen ist ein signifikanter Anstieg
an Metaboliten entweder auf fehlgesteuerte Stoffwechselreaktionen oder auf die Erkrankung
eines für den Entgiftungsmechanismus verantwortlichen Organs (z. B. Leber) zurückzuführen.
Unter den endogenen Metaboliten, die mit Krankheiten in Zusammenhang gebracht werden,
finden sich unter anderem die in dieser Arbeit untersuchten Verbindungen Ammoniak und
Trimethylamin (TMA).
Ammoniak ist ein Metabolit, der für den Stoffwechsel von Aminosäuren und den normalen
Säure-Basen-Haushalt von grundlegender Bedeutung ist. Der Großteil des systemischen
Ammoniaks wird im Dickdarm gebildet und in der Leber über den Harnstoffzyklus
metabolisiert. Ein erhöhter Ammoniakspiegel im Blut, auch als Hyperammonämie (HA)
bezeichnet, kann durch einen angeborenen fehlerhaften Harnstoffzyklus oder eine
Leberkrankheit (z. B. Leberzirrhose) verursacht werden. Ammoniak ist in der Lage die BlutHirn-Schranke zu überwinden, wo es neuropsychiatrische Symptome hervorrufen kann; diese
werden bei einer Lebererkrankung als hepatische Enzephalopathie (HE) bezeichnet.
Gegenwärtige Behandlungen von HE, wie die Therapie mit dem Antibiotikum Rifaximin
und/oder dem Abführmittel Lactulose, verringern die Produktion und Absorption von
Ammoniak im Dickdarm. Wegen zunehmender Antibiotikaresistenzen, des potenziell
negativen Einflusses auf das menschliche Mikrobiom und ihrer geringen Wirksamkeit sind
diese Therapien jedoch nicht für eine Langzeitanwendung geeignet.
Das methylierte Ammoniakanalogon TMA ist ein flüchtiges, stark riechendes Amin, das
hauptsächlich im Dickdarm erzeugt und in der Leber zum geruchlosen TMA N-Oxid oxidiert
wird. Ein angeborener Defekt des für diesen Oxidationsprozess verantwortlichen Enzyms
(Flavin Monooxygenase 3) kann zu einem Anstieg des systemischen TMA-Spiegels führen,
was als Trimethylaminurie (TMAU) bezeichnet wird. Von TMAU betroffene Personen leiden
an überhöhter Ausscheidung von TMA in Schweiß und Atem, und riechen daher nach
verwesendem Fisch. Obwohl die Erkrankung keine gesundheitlichen Konsequenzen zu haben
scheint, kann die soziale und psychologische Belastung einschneidend sein. Momentan sind nur
wenige medikamentöse Therapien verfügbar, welche zudem nur bescheidene und
vorübergehende Besserung bewirken.
In Anbetracht der ungelösten Problematik von HA und TMAU ist das Hauptziel dieser
Dissertation die Entwicklung und Charakterisierung polymerer Vesikel (Polymersomen), die
zur chronischen Behandlung der beiden Stoffwechselerkrankungen eingesetzt werden können.
Kapitel 1 gibt eine Einführung in Entgiftungsmassnahmen mit Schwerpunkt auf Entgiftung
von körpereigenen Metaboliten. Die Stoffwechselerkrankung HA und aktuelle Strategien zu
7
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deren Therapie (z. B. Liposomen als Antidot des Metaboliten Ammoniak) werden ausführlich
erläutert. Darüber hinaus werden Polymersome, die synthetischen Analoga von Liposomen,
vorgestellt und hinsichtlich ihrer physikochemischen Eigenschaften, Herstellungsverfahren und
Anwendungen erörtert.
Kapitel 2 gibt einen Überblick über den aktuellen Wissensstand zu TMAU, deren
zugrundeliegenden Krankheitsmechanismus und mögliche Behandlungen. Aktuelle
Literaturdaten werden kritisch besprochen, mit speziellem Fokus auf derzeit etablierte oder
experimentelle Behandlungsmöglichkeiten. Zudem werden neue Ansätze, die auf jüngsten
Erkenntnissen der Rolle von TMA in Herz-Kreislauf-Erkrankungen beruhen und auf TMAU
übertragen werden könnten, erörtert.
Kapitel 3 untersucht die mögliche Anwendung von Poly(Isopren)-Block-Poly(Ethylenglykol)
(PI-b-PEG) Polymersomen mit pH Gradienten (zwischen Vesikelinnerem und Umgebung) für
die Entgiftung von Ammoniak. Polymere unterschiedlicher Länge der PI- und PEG-Blöcke
wurden durch Nitroxid-vermittelte Polymerisation synthetisiert und auf ihre Fähigkeit
untersucht, in wässrigem Medium Polymersomen zu formen. Nach Optimierung der Bildung
von PI-b-PEG Polymersomen wurde die Sequestrierung von Ammoniak in einem in vitro
Modell geprüft. Obwohl die Mehrheit der getesteten vesikulären Formulierungen Ammoniak
in simulierten Darmflüssigkeiten sequestrieren konnte, ging die Aufnahme von Ammoniak in
einem teilweise dehydratisierten Medium, das die Bedingungen des Dickdarms nachahmt,
verloren. Interessanterweise erhöhte die Vernetzung der verbleibenden olefinischen Bindungen
im PI-Block die Stabilität der Vesikel deutlich und hielt die Ammoniakaufnahme in
dehydratisiertem Medium teilweise aufrecht.
In Kapitel 4 wird die Verwendung von PI-b-PEG Polymersomen mit pH Gradienten zur
Sequestrierung des Metaboliten TMA im Rahmen von TMAU untersucht. Hierfür wurden die
PI-b-PEG Polymere und optimierten Methoden aus Kapitel 3 verwendet. Die Polymersomen
zeigten eine hohe Aufnahme von TMA, sowohl in Lösung als auch nach deren Einbettung in
eine topische, pH-hautneutrale Hydrogelmatrix. In einer randomisierten Doppelblindstudie
wurde ein Polymersomen enthaltendes Hydrogel auf Hautsubstrate aufgetragen, die vorgängig
in TMA-haltigem Medium inkubiert worden waren. Diese Behandlung führte zu einer
signifikanten Abnahme der wahrgenommenen Geruchsintensität im Vergleich zur
Negativkontrolle (Hydrogel ohne Polymersomen).
In Kapitel 5 werden die wichtigsten Ergebnisse der Arbeit zusammengefasst und diskutiert.
Hierbei werden Vorschläge gemacht, wie die bisher verwendeten vielversprechenden PI-b-PEG
Polymersomen weiter optimiert werden können. Insbesondere könnte die Stabilität der
Polymersomen durch chemische Vernetzung erhöht werden, was deren therapeutischen Nutzen
für die Entgiftung des Dickdarms nach peroraler Einnahme verbessern dürfte. Zusätzlich
werden weitere therapeutische Indikationen für die hier verwendeten Polymersomen
besprochen.
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Chapter 1.
Background and purpose
1.1 Biodetoxification
Toxins have been ever present throughout the history of mankind. Already in ancient Egypt,
people were studying venomous snakes and scorpions and their toxic effects on humans [1]. At
the same time, the quest for antidotes counteracting these toxins gained attention. One of the
most famous stories is the one of Mithradates, also known as the Poison King, who attempted
to develop an antidote to be protected against any threat of poisoning [2]. Moreover, not only
the exposure to exogenous toxins might have deleterious effects on the human body, but also
endogenously accumulating compounds. The toxicity of any compound depends on the
concentration, as was famously mentioned by Paracelsus: “What is there that is not poison? All
things are poison and nothing is without poison. Solely the dose determines that a thing is not
a poison.” [3].
The most prominent exogenous toxins nowadays are synthetic drugs. In past decades, drug
overuse and subsequently overdose has become one of the major health problems in the western
world, with a steady increase in deaths related to it [4]. In fact, in 2015 the death of 40’000
people involved opioids of some kind in the United States alone, mainly as a result of the
extensive prescription and use of pain medication [5]. The broad range of drugs and doses in
intentional, unintentional, recreational or therapeutic use, limits the ability to conduct clinical
trials regarding specific interventions [6]. Due to a lack of data, only a limited number of
specific antidotes exists, as for instance in paracetamol, or benzodiazepine poisoning.
The majority of intoxications are therefore tackled by general life supporting measures. Since
76% of toxic exposure occurs due to oral ingestion of a compound [7], gastric emptying can be
performed to physically remove the toxic agent. Additionally, owing to its large specific surface
area (1000 - 3000 m2 g-1), activated charcoal can be administered to bind the overdosed
compound in the bowel and reduce its subsequent absorption [7,8]. Removal of substances that
are not well adsorbed by activated charcoal can be enhanced by whole bowel irrigation. Lastly,
hemodialysis or hemoperfusion can be performed when the toxin reaches systemic circulation
[6]. However, these techniques are rather invasive and generally reserved for life threatening
intoxications. In recent years, the concept of less invasive injectable nanocarriers to capture
toxins in the circulatory system emerged [9]. Some of them, such as intravenous lipid
emulsions, have been investigated in depth and proved beneficial for instance in the
detoxification of cardiotoxic local anesthetics. However, due to varying reports concerning
efficiency and the fact that the exact mechanism of action is not understood, this product has
not been approved for antidotal use thus far [9].
On the other hand, endogenous metabolites can also be a source of toxicity. The accumulation
of the latter is often related to defects in certain metabolic reactions or an impaired organ, which
can be inherited but also acquired. Two of the most prevalent examples are hyperlipidemia and
9
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diabetes. The former refers to high lipid levels in the blood (e.g. cholesterol), and subsequent
increase in risk for cardiovascular events [10]. Diabetes on the other hand is related to high
blood glucose levels, also increasing the risk for cardiovascular diseases (CVD), next to other
long term complications, such as retinopathy, nephropathy, and neuropathy [11,12]. Whilst
these two diseases are major health problems in the western civilization, and therefore widely
studied, most metabolic disorders only affect a limited number of people. As a consequence,
research and subsequently treatment approaches of the latter remain rather scarce. Ammonia
(vide infra) and its methylated analogue trimethylamine (TMA, see Chapter 2) are examples
of metabolites that are linked to rare metabolic disorders.

1.2 Hyperammonemia (HA)
Ammonia
Ammonia is an important source of nitrogen, being vital in amino acid metabolism and
fundamental for normal acid base balance. In aqueous media, ammonia (NH 3) exists in an
equilibrium with its protonated form ammonium (NH 4+, pKa = 9.25) [13]. At physiological pH,
this equilibrium is strongly shifted towards the protonated species, with only a small fraction
being present in the form of the free base. In humans, most of the systemic ammonia is produced
in the large intestine by the cleavage of urea by bacteria, yielding ammonia and carbonate. In
healthy individuals, ammonia is metabolized in the liver by the urea cycle (Figure 1.1), before
being excreted through the kidneys in the form of urea. In addition to the urea cycle, ammonia
is also detoxified by the enzyme glutamine synthetase in perivenous hepatocytes, skeletal
muscles, and the kidneys, acting as a back-up for ammonia escaping the urea cycle [14]. In
cirrhotic patients, the enzymatic deamidation of glutamine to glutamate in the small intestine is
another major source of ammonia production [15]. In high concentrations, ammonia can be
neurotoxic, inducing abnormalities in the central nervous system (commonly referred to as
hepatic encephalopathy (HE) in case of liver disease).
Pathophysiology of HA
HA is a pathophysiological state related to elevated blood ammonia levels. It is defined by
plasma ammonia concentrations larger than 50 and 100 µmol L-1 in adults and newborns
respectively [16]. As previously mentioned, ammonia is primarily metabolized in the liver. A
diseased liver, however, can result in an impaired hepatic detoxification and a subsequent rise
in blood ammonia levels. Literature differentiates between two forms of HA. Primary HA is
caused by inborn defects, affecting any of the enzymes or transporters involved in the urea
cycle. The incidence for the United States alone is reported to be 1 in 35’000 live births,
resulting in 113 new patients each year [17]. Secondary HA, also referred to as acquired HA,
on the other hand can be caused by a variety of underlying conditions. The most common are
acute or chronic liver disease (e.g. liver cirrhosis, portosystemic shunting), in which ammonia
detoxification is insufficient [18]. Further, bacterial overgrowth of urease-producing bacteria
can enhance liberation of ammonia, subsequently causing a substrate overload.
Regardless of the etiology, once in systemic circulation both ammonia and its protonated form
ammonium are able to penetrate the blood brain barrier, respectively through passive diffusion
10
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and membrane transporters [18]. In the brain, ammonia is mainly detoxified in astrocytes by
the enzyme glutamine synthetase, converting it to glutamine, which accumulates and induces
osmotic stress [19]. Hence, glutamine levels within the brain are directly correlated to arterial
ammonia, wherefore high levels of ammonia result in massive increases of intracerebral
glutamine, inducing astrocyte swelling, and subsequently neuropsychiatric symptoms (HE).
These can range from cognitive impairment to coma and even death of the patient, depending
on the severity of the disease.

Figure 1.1. The urea cycle and the reactions involved in it. Reprinted from [19] with permission
from Elsevier.

Current treatments for HE mainly target the generation and uptake of ammonia in the colon,
such as the non-absorbable disaccharide lactulose. Once inside the colon, lactulose is converted
to acetic and lactic acid, acidifying the colonic environment and rendering it more hostile to
urease-producing bacteria. In addition, its laxative effect contributes to the removal of ammonia
from the body. This laxative is often given in combination with the antibiotic rifaximin, which
11
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destroys urease-producing bacteria [19]. However, these treatments could potentially disturb
the human microbiota [20] and bear the risk of emergence of antibiotic resistance [21]. To date,
a range of novel and innovative treatment options, targeting various facets of HA, have been
investigated [19]. For urea cycle disorders, the treatments consist for instance in the
administration of sodium benzoate and sodium phenylbutyrate, which are metabolically
coupled to the ammoniagenic amino acids glycine or glutamine, increasing their excretion [19].

Transmembrane pH gradient liposomes in the treatment of HA
One of the investigative treatments for severe HA is based on the use of transmembrane pH
gradient liposomes bearing an acidic core (Figure 1.2). Various drugs and metabolites, such as
ammonia, are slightly basic, existing in an equilibrium with their conjugate acid [9]. The shift
of this equilibrium mainly depends on external pH and pKa of the metabolite. The weak base,
ammonia, can penetrate the liposomal bilayer and once inside the core, is protonated to
ammonium. The latter is not capable to cross back the bilayer, and hence remains trapped inside
the liposomal lumen. These pH gradient liposomes capture ammonia until the interior buffer
capacity is saturated.

Figure 1.2. Mechanism of the capture of a (weakly) basic drug/metabolite using pH gradient
liposomes.

Our group has used this principle to sequester ammonia via liposome-supported peritoneal
dialysis (LSPD) [22]. In conventional peritoneal dialysis (PD), blood circulating in the
peritoneal membrane is dialyzed against a dialysate that is applied into the peritoneal cavity
[23]. Since PD is rather simple to implement, without the need for sophisticated equipment, and
is also not as invasive as for instance extra-corporeal dialysis procedures, it represents an
attractive alternative to the latter. In LSPD, systemic exposure to liposomes is reduced, as
compared to intravenous administration, making the administration of high amounts of
liposomal formulations possible. With this approach, systemic ammonia can be drastically
lowered, making it rather useful in cases of acute hyperammonemic crises [24]. In fact, this
system is currently under investigation in a clinical phase 1b trial (www.versantis.ch). In
12
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chronic cases, however, an oral formulation would be preferred, mainly due to ease of
administration. One of the major drawbacks of liposomes is their lack of stability in hostile
environments, as those encountered in the gastrointestinal (GI) tract. In fact, pH gradient
liposomes have been shown to be readily destabilized in bile salt containing medium [25],
wherefore they are not suitable in the oral treatment of HA.

1.3 Polymersomes
Polymersomes are the synthetic analogues of liposomes, consisting of synthetic polymeric
amphiphiles, such as amphiphilic block copolymers. The self-assembly behavior in aqueous
media of the latter has been investigated in great depth in the last two decades [26,27]. In fact,
once they are brought into contact with water, they can form a whole range of different
morphologies, from spherical micelles to tubes or vesicular structures (Figure 1.3). This variety
of structures can also be obtained in organic solvents, depending on the polymer composition
and nature of the solvent, but will not be discussed here [28]. The amphiphilicity of block
copolymers is readily tunable due to the synthetic nature of polymers. The morphology of the
formed structures greatly depends on the curvature of the hydrophobic-hydrophilic interface,
which is closely related to the packing parameter P [29]. The packing parameter P is defined
by the length of each polymer block, and the weight ratio of the two blocks to one another. In
order to obtain polymersomes in aqueous medium, literature suggests a packing parameter of
0.5 ≤ P ≤ 1, corresponding to a low curvature [29]. Once in contact with water, the hydrophobic
polymer blocks associate with one another to minimize their exposure to the surface of the
water, forming bilayers [30]. Indeed, self-assembled polymeric vesicular systems are similar to
liposomes.

Figure 1.3. Main morphologies of self-assembled amphiphilic block copolymers that are
obtained in aqueous media, left to right: spherical micelles, tubes, and polymersomes.

One of the differences is the thickness of the vesicle membrane, which is known to increase
with increasing length of the hydrophobic block, resulting in higher physical stability of
polymersomes, when compared to their lipid analogues [31]. This can also result in lower
diffusion across these membranes. In terms of elasticity, membrane properties greatly depend
on the nature of the hydrophobic block. For instance it was shown that polymersome
membranes of poly(butadiene)-b-poly(ethylene glycol) (PBD-b-PEG) had elasticities
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comparable to that of a fluid-phase lipid membrane [26]. This is partly explained by the fact
that PBD has a glass transition temperature (Tg) well below room temperature [32].
In the biomedical field, polymersomes are often used to encapsulate hydrophilic drugs within
their vesicular core. In addition, it is possible to integrate hydrophobic compounds into the
vesicle membrane [33]. To date, the most commonly used hydrophilic block remains PEG. This
is mainly related to the well-established safety of this polymer, and its ability to provide colloids
with long blood circulation times after intravenous injection [32]. Compared to liposomes,
polymersomes offer the possibility of a much higher degree of PEGylation, potentially boosting
this effect [34]. The synthetic nature of block copolymers makes it also possible to obtain socalled stimuli responsive polymersomes. The latter refer to vesicles that release their cargo load
upon a specific outer stimulus. Depending on the nature of the polymer blocks, stimuli such as
redox potentials, temperature, or light can be used to trigger drug release [35,36]. In general, a
range of amphiphiles has been reported to form polymersomes in the literature. Amongst them,
one can cite PBD-b-PEG [37], poly(styrene)-b-PEG (PS-b-PEG) [38], poly(2methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyloxazoline)
[39],
and
biodegradable polymers such as poly(L-lactide)-b-PEG and poly(ε-caprolactone)-b-PEG [40],
that degrade via hydrolysis. Lastly, the surface of polymersomes can be modified for instance
by coupling a targeting moiety to allow receptor-mediated internalization by specific cells. Due
to the chemical nature of block copolymers, manipulation and functionalization of
polymersomes is generally viewed as more straightforward as compared to liposomes, where
both are limited by less versatile lipid chemistry [41].

1.3.1 Polymersome formation
As discussed above, various parameters such as polymer composition, molecular weight and
solvation medium, have been shown to impact the self-assembly of block copolymers [42].
Another factor influencing the obtained structures is the preparation method. Literature
differentiates between two general approaches in polymersome preparation. The first one is
based on the direct dissolution of the polymer (as powder or film) in water. The second
approach, also referred to as solvent switch method, relies on the dissolution of the polymer in
an organic solvent, which is a good solvent for both blocks, followed by its substitution with
an aqueous phase (Figure 1.4).
Direct dissolution
Direct dissolution is a very simple preparation method. The polymer is added to an aqueous
medium, which is stirred to obtain vesicular structures. Although this approach has the
advantage of being completely free of solvent, reports of its use are rather scarce and limited to
selected polymer systems that are not too hydrophobic [43]. Vesicle formation is usually
facilitated by the rehydration of a polymeric film, which is known as the film rehydration
process, and consists of two steps and is often used in the preparation of liposomes [44]. First,
the polymer is dissolved in an organic solvent and placed in a round-bottom flask. The solvent
is subsequently slowly removed under vacuum (while heating) to yield a thin polymer film on
the glass flask. In a second step, this film is rehydrated in an aqueous medium with or without
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heat [39]. During rehydration, water permeates through defects in the polymer layers, which
ultimately results in the formation of vesicular structures [45]. One of the major advantages of
the film rehydration and direct dissolution methods compared to the solvent switch method
(vide infra), is that once the polymersomes are formed, no additional step to remove the organic
solvent from the aqueous suspension is required. This step can prove difficult especially when
the solvent is miscible with water. The main drawback of this method is its applicability to only
a small range of polymers, usually possessing low Tg and/or shorter block lengths, similar to
lipids. In addition, this technique yields a relative broad size range of vesicles, which can,
however, be improved by extrusion through membrane filters of defined porosity [46].

Figure 1.4. Schematic representation of the two major polymersome fabrication methods.

Solvent switch
Solvent switch methods are based on the dissolution of the polymer in an organic solvent,
followed by its replacement with an aqueous medium. This can be achieved by either adding
the polymer solution to the aqueous phase or vice versa. Often the polymer is added to a water
miscible solvent or solvent mixture, that dissolves both polymer blocks and water is then slowly
admixed with a syringe pump. Once the critical water concentration is reached, various
morphologies can form, depending on the proportion of aqueous solution. Next to vesicles,
structures such as prolates, discs, and stomatocytes can be obtained using this procedure [47].
In this case, due to the slow addition of aqueous medium, the polymersome formation process
is thermodynamically controlled. When using the opposite process, i.e. adding the polymer
solution to the aqueous buffer, polymersome formation happens instantly and is kinetically
controlled. Once the polymer solution enters the aqueous medium, which is in excess, the
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organic solvent immediately blends with it, rendering the polymer insoluble and therefore
inducing self-assembly [48]. The solvent switch method has been implemented in various forms
[49]. Flash nanoprecipitation, for instance, uses a confined impinging jets mixer at high rates
in the range of 1 mL s-1, mixing organic polymer-containing and aqueous solutions in equal
amounts, and subsequently adding them to a larger reservoir of an aqueous phase, where the
resulting morphology is kinetically trapped [50]. This procedure is both rapid and scalable.
Small amounts of monodisperse polymersomes can be prepared by microfluidics techniques.
The latter is based on the formation of oil-in-water emulsions in microfluidic channels, which
are subsequently collected in a water phase, creating double emulsions, followed by vesicles
upon dewetting transition [51].

1.3.2 Applications of polymersomes
Nowadays polymersomes are being used in a variety of applications. Next to drug delivery [52]
and diagnostics [53], in which they are investigated extensively, especially on the academic
level, they are also explored as nanoreactors [54]. However, their use as detoxifying agents in
a similar fashion to pH gradient liposomes (vide supra), has not been investigated in depth thus
far.
Recently, our group investigated polymersomes comprising the diblock copolymer PS-b-PEG
in the oral treatment of HA [25]. These vesicles showed high capture of the metabolite ammonia
in solution assays, and stability in intestinal fluids containing bile salts, digestive enzymes, and
extreme osmolality conditions. However, when orally administered to bile duct ligated rats,
they did not appear to have an effect as compared to controls. Subsequent in vitro experiments
in a colon-mimicking environment (dietary fiber-based assay) showed a decrease in ammonia
capture when increasing the fiber content, which was shown to be a consequence of the
destabilization of polymersomes in this medium. Whilst this approach appears to be promising,
investigating alternative block copolymers is needed to improve its efficacy.
A change of the hydrophobic block from PS to for instance poly(isoprene) (PI), the polymer
block studied in this thesis, might drastically impact vesicle properties. Whilst PS has a very
high glass transition temperature (Tg 105 - 109 °C) [55] resulting in a rather rigid structure of
the polymersomal bilayer, the Tg of PI is below ambient temperature (Tg -69 - -65 °C) [56],
yielding a more fluid vesicle membrane. Moreover, the vesicle stability can be increased by
cross-linking the residual olefinic bonds within the PI block.

1.4 Reversible-deactivation radical polymerization (RDRP)
Since the preparation procedure greatly influences the diameter and size-distribution of the
obtained vesicles, it is important to adequately control the different parameters to ensure
reproducibility of the manufacturing process. An important factor is the synthesis of the
polymers, which should be sufficiently well-controlled to allow the preparation of vesicles with
reproducible characteristics and the desired pharmaceutical properties.
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In order to obtain block copolymers with specific block lengths in a monodisperse distribution,
it is necessary that the polymerization proceeds in a controlled fashion. RDRP refers to a range
of controlled polymerization methods, being based on free radical polymerization (FRP). The
latter is of the chain-growth type, and is widely employed in industrial processes [57]. This is
due to its applicability to a wide selection of monomers and ease of reaction setup. However,
polymers obtained via FRP are quite polydisperse, due to the presence of termination and
transfer reactions, resulting in poor control of polymer length. In 1956, Szwarc and co-workers
[58] reported anionic polymerization, also referred to as living polymerization, for the first time.
This polymerization type proceeds in the absence of termination and transfer reactions, yielding
polymers with narrow dispersities. Yet, this procedure suffers from the sensitivity of the anionic
species towards oxygen and water, and the subsequent stringent and complicated reaction setup
[59]. In addition, it is only applicable to a small range of monomers. In the late 1980’s
researchers started to investigate possible combinations of both methods, resulting in controlled
radical polymerization, which nowadays is referred to as RDRP [60].

Scheme 1.1. Mechanism of NMP through unimolecular initiation using an alkoxyamine (a),
or bimolecular initiation, using a conventional radical initiator and a nitroxide (b) (kd: rate of
dissociation, kc: rate of recombination, kp: rate of propagation) [61].

In RDRP, two paths can be taken to achieve control over the polymerization process. On the
one hand, it can proceed via chain transfer reactions, as is the case in reversible additionfragmentation chain-transfer (RAFT) [57] polymerization and macromolecular design by
interchange of xanthates (MADIX) [62], where the concentration of radicals is kept stable
throughout the polymerization, trapping them in a less reactive state. On the other hand, control
can be achieved with the establishment of the persistent radical effect (PRE), like in nitroxidemediated polymerization (NMP) [63] and atom transfer radical polymerization (ATRP) [64].
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NMP was the first RDRP method to be developed in 1985 [63]. It is mediated by an NO-type
radical (Scheme 1.1). It can be initiated using a unimolecular approach with an alkoxyamine,
which, at elevated temperatures, dissociates into two radicals, the nitroxide and a carboncentered radical species. The latter propagates, adding a couple of monomer units, before it is
trapped by the nitroxide, yielding the inactivated alkoxyamine. The equilibrium governing
NMP is strongly shifted towards this inactivated species, which in turn decreases the likelihood
of termination reactions, wherefore the polymerization proceeds in a controlled fashion [61].
The polymerization can also be initiated by a conventional radical initiator, such as
azobisisobutyronitrile (AIBN), and additional nitroxide species [61]. The major driver, shifting
the NMP equilibrium towards the inactive species is the persistent radical effect. Since the
carbon-centered radical is able to self-terminate (Scheme 1.2b), it rapidly decreases once the
polymerization has started. The persistent species (nitroxide) on the other hand is not able to
self-terminate (Scheme 1.2c). Its concentration remains constant throughout the
polymerization, favouring recombination with the carbon-centered radical (Scheme 1.2d). In
fact, self-termination at the beginning of a polymerization can be avoided by addition of excess
nitroxide, ensuring dominance of the persistent species from the start [65].

Scheme 1.2. The persistent radical effect and the reactions involved in its establishment. R
represents the persistent and Y the transient radical species (kd: rate of dissociation, kc: rate of
recombination, kt: rate of termination) [61].

Nitroxides are stable at room temperature and can be readily stored. During the early years of
NMP, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (Scheme 1.3a) was used as a nitroxide
species. It was only capable of polymerizing a small number of monomers in a controlled
fashion and high reaction temperatures (>100 °C) were necessary [63]. In the last decades,
second generations of nitroxides were developed, making a broad range of monomers
accessible for polymerization, that could be performed at lower temperatures (Scheme 1.3b).
Nowadays, NMP is being employed to synthesize polymers of varying architectures, such as
homopolymers, block copolymers [32], polymer brushes [66], and star-shaped polymers [32],
amongst others.
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Scheme 1.3. Chemical structures of the first generation nitroxide TEMPO (a), and the second
generation nitroxide 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) (b).

1.5 Scope of the doctoral thesis
The main objective of this thesis was to develop and characterize polymersomes that might be
applied for the chronic treatment of two metabolic disorders, namely HA and trimethylaminuria
(TMAU). TMAU, also known as fish odor syndrome is a metabolic disease characterized by
elevated levels of TMA, which is excreted through sweat, breath and urine, giving affected
individuals the distinct smell of rotten fish. It is reviewed in Chapter 2. This chapter gives an
overview of the underlying disease mechanism, and discusses current approaches for managing
the symptoms of TMAU, as well as investigational therapies.
Building on the expertise of our laboratory on transmembrane pH gradient liposomes and
polymersomes in the treatment of HA, Chapter 3 focusses on the development of a novel oral
pH gradient polymersome formulation, based on PI-b-PEG amphiphiles. Three libraries of
polymers, varying in length of the hydrophobic and hydrophilic blocks were synthesized via
NMP and screened for their polymersome formation in aqueous medium. Subsequently,
optimized pH gradient polymersomes were investigated for the in vitro capture of ammonia in
solution and colon-mimicking environment, to assess stability in the conditions encountered in
the GI tract. Lastly, polymeric crosslinking of polymersomes was performed to improve the
stability of the formulation.
In Chapter 4, transmembrane pH gradient polymersomes comprised of PI-b-PEG were
investigated for their ability to sequester TMA, as a potential topical treatment option for
TMAU patients. The capture of TMA by the optimized polymersomes (established in Chapter
3) was assessed at the pH of the skin. The polymersomes were then incorporated in a hydrogel
formulation, composed of hydroxyethyl cellulose. Performance of this formulation was
evaluated in an olfactory study carried out with human volunteers.
Chapter 5 summarizes the main findings of the thesis and provides an outlook on the potential
clinical use of the developed formulations. This chapter also discusses other potential uses of
this detoxification system in the biomedical field.
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2.1 Introduction
Trimethylaminuria is a rare metabolic disorder where abnormally high levels of the aliphatic
amine trimethylamine are excreted through sweat, breath, urine, and other bodily secretions,
giving the patients a very distinctive smell of rotting fish. TMAU is thus also referred to as the
fish odor syndrome. TMA is a diet-derived amine that originates from TMA N-oxide (TMAO),
which is overtly present in marine fish, choline, and carnitine. While at physiological pH most
TMA is in its protonated form (pKa 9.80) [67], it is in equilibrium with a small fraction of the
free base. The free base is highly volatile and readily detected by the human olfactometric
receptors in the ppb range [68]. In healthy individuals, the free base is metabolized in the liver
to the odorless TMAO and excreted in the urine, whereas in individuals with TMAU it
accumulates in bodily secretions and gives them the characteristic odor. TMAU can originate
from an impairment in this oxidation process or from precursor overload.
While the first case of TMAU was described in literature as late as 1970 [69], various tales of
the disease can be found throughout history. The old Indian Mahabharata tale dating from 1000
BC mentioned a woman called Satyavati, who smelled like rotten fish [70]. Mentions to the
disease can also be found in Shakespeare’s “The tempest”, as well as in records of the physician
John Arbuthnot [71], indicating that the condition may have been known for quite some time
and might be more common than it is thought. To date, only a few hundreds of cases have been
reported in the literature, likely because the condition is widely unknown and thus
underdiagnosed [72,73]. A study on the incidence of TMAU revealed a rate of about 1% of
heterozygous carriers within the white British population, whilst in other ethnic groups the
prevalence seems to be even higher [74]. While passing the condition to future generations,
heterozygotes usually do not have any symptoms of TMAU, unless they are challenged by for
instance TMA precursor overload.
TMAU usually manifests itself in childhood or early adult life but is rarely diagnosed.
Consequently, affected individuals are often dismissed and simply suggested to mind their
personal hygiene. Although the disease is considered benign, its psychological burden can be
devastating. Studies have mentioned various psychosocial reactions of sufferers, such as strong
feelings of shame, embarrassment, social isolation and even suicidal tendencies, amongst others
[75–77]. To date, the disease has no cure and only palliative measures exist, such as washing
with acidic soap in combination with dietary restriction of TMA precursors [78,79]. Other
available pharmacological treatments aim to reduce the generation and absorption of TMA, or
focus on improving oxidation to the odorless TMAO. Because the condition is underdiagnosed
and effective pharmacological therapies are lacking, online forums such as rareconnect.org,
where more than 3000 people are registered, have gained traction among affected individuals
seeking for treatment alternatives.

2.2 Description of the disease
TMA is produced in the gastrointestinal tract from dietary precursors such as choline, which is
present in eggs, liver, and poultry amongst others [80]. In the colon, choline is metabolized to
TMA by anaerobic microorganisms carrying the enzyme choline TMA lyase (Figure 2.1).
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TMAO and carnitine, which are mainly present in marine fish [81] and in red meat [82]
respectively, are additional TMA precursors that are metabolized in the gut [83]. TMA is readily
absorbed by passive diffusion and enters enterohepatic circulation. It is subsequently oxidized
in the liver to the non-odorous N-oxide form (TMAO). Two enzymes of the flavin-containing
monooxygenase family are responsible for this oxidation process, FMO1 and FMO3, although
the latter is the predominant enzyme, accounting for more than 90% of oxidized TMA [84].
TMAO is then readily excreted in the urine.

Figure 2.1. Dietary precursors and metabolism of TMA. The main precursors include choline,
TMAO, and L-carnitine, which are metabolized to TMA within the intestine. TMA is
subsequently oxidized to TMAO by FMO3 in the liver and excreted through the kidneys.

TMAU can be classified in two forms of the disease. In the primary form of TMAU, the
metabolism of TMA is dysfunctional because the enzyme has very low to no capacity of TMA
oxidation. In secondary TMAU, an excess of dietary precursors or other factors exacerbating
the production of TMA cause substrate overload of the enzyme, which is unable to oxidize the
elevated burden of TMA [72]. In both forms of the disease, the result is an increase in systemic
TMA, which is secreted in higher amounts through sweat, breath, urine, and other bodily fluids,
giving affected individuals the smell of decaying fish.
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Primary TMAU
Primary TMAU is caused by a mutation in the FMO3 gene, which is inherited in a Mendelian
autosomal recessive fashion [85]. The affected enzyme has a widespread substrate specificity,
including a broad spectrum of xenobiotics and dietary amines [86–88]. So far, more than 40
variants of the gene have been associated with TMAU, most of which are missense mutations.
Some of these are inactivating mutations while other less severe ones reduce the threshold of
TMA oxidation of FMO3 [89]. The resulting impairment in N-oxidation capacity accounts for
most cases of TMAU reported in the literature.
Secondary TMAU
Secondary TMAU is often referred to as the acquired or transient form of the disease and can
occur in different scenarios. Treatment with choline in Huntington’s and Alzheimer’s diseases
has been associated to the development of a strong fishy body odor [90,91], and is a classic
example of precursor overload where the enzyme is unable to completely oxidize the TMA
burden. Liver failure and portosystemic shunting of the blood can also result in increased TMA
levels, due to interference with first-pass metabolism [92,93]. Other factors that have been
reported to cause or exacerbate the condition include menstruation [94,95], asymptomatic viral
hepatitis [96], and testosterone treatment [97], and have been reviewed elsewhere [72].
Diagnosis
The true incidence of TMAU is most likely underestimated due to poor medical awareness [98].
A study of 353 patients complaining of idiopathic malodor revealed that approximately one
third of them suffered from TMAU [99]. Diagnosis is usually done by urinary analysis after
oral precursor challenge using choline [99] or TMA [75,100]. TMAO has also been used in oral
challenge tests in the past, as it drastically shifts the combined total TMA content (TTMA =
TMA +TMAO) towards TMA species after administration in affected individuals as well as
heterozygous carriers of the disease [101,102]. Upon precursor challenge, the urinary samples
are assayed for TMA as well as TMAO, and their respective amounts are compared to the
TTMA. Since neither TMA nor TMAO have a native chromophore, quantitative urine analysis
is performed using 1H NMR spectroscopy [103,104], headspace mass spectrometry [105,106],
and electrospray ionization MS [107]. Affected individuals secrete 80% of TTMA in the form
of TMA, while heterozygous carriers as well as healthy people secrete roughly 4%.
Interestingly, after oral challenge with TMA, this number increases to 25% in heterozygotes
[70]. Genetic analysis can be performed to confirm the diagnosis, although it is not common
clinical practice [108].
Link to cardiovascular disease
In recent years, TMAO has been extensively researched on because it was identified as a disease
marker in CVD. TMAO was found to promote atherosclerosis in mice [109] and in addition,
elevated TMAO plasma levels were associated with an increased risk of cardiovascular events
in patients following elective coronary angiography [110]. To date, several studies have
supported these findings in various patient populations [111–114]. Since elevated plasma
TMAO levels are a direct result of dietary breakdown of TMA precursors and their subsequent
oxidation in the liver, treatments targeting the metabolic breakdown of these precursors have
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become of growing interest as potential treatment in CVD, a strategy that may eventually be
applied to TMAU in the future.

2.3 Treatment options
Unlike other metabolic disorders, TMAU appears to be of little medical concern [72].
Consequently, research efforts for TMAU treatments have been modest. Existing treatment
strategies can be classified into the following groups: precursor intake limitation, protonation
of TMA, targeting of the gut metabolism and targeting of the enzyme FMO3.

2.3.1 Limiting precursor intake
A common approach to lower systemic TMA levels is to limit TMA precursors intake. Several
food-derived compounds are metabolized to TMA in the colon [115]. Specifically, choline,
carnitine and TMAO have been linked to increased urinary TMA and TMAO concentrations,
while betaine, creatinine, and lecithin have not [115–117]. Metabolization of betaine to TMA
has been reported in sheep rumen in the past [118], but other studies have failed to show a
consistent effect in vivo [119] or in humans [120,121].
Choline is absorbed in the small intestine via carrier-mediated transport across the mucosal
border. Ingestion of choline-rich food saturates this transport capacity, which is half saturated
at concentrations of 200-300 μM [122,123], resulting in increased choline concentrations in the
large bowel where intestinal bacteria metabolize it to TMA and dimethylamine [124]. Since
choline is required for the biosynthesis of essential phospholipids and the neurotransmitter
acetylcholine, it is not possible to completely eliminate it from the diet [125]. In fact, healthy
individuals on a choline-deficient diet develop signs of incipient liver dysfunction after only
three weeks. Consequently, intake of this nutrient can only be limited to a certain extent [78,80],
and personalized adjustments by a clinician are recommended to prevent liver dysfunction and
other side effects.
TMAO is an osmolyte found in marine organisms that counteracts the protein-destabilizing
effects of hydrostatic and osmotic pressures [81,122,126]. Ingestion of a fish-based meal leads
to an increase in urinary TMAO and subsequently TMA levels [98], so it is recommended to
eliminate all seafood from the diet.
Reports of L-carnitine and its effect on TMA levels are rather scarce. In vivo experiments have
shown an increase in urinary TMAO after carnitine challenge [127]. This was confirmed in
healthy volunteers, where degradation of carnitine to TMAO could be demonstrated [128]. A
recent report on the mechanism of carnitine transformation to TMA identified a Rieske-type
protein (a two-component Rieske-type oxygenase/reductase) as the main protagonist [129,130].
L-carnitine is present in high levels in red meat, poultry and some dairy products, which is why
TMAU sufferers are recommended to avoid these in their diet [127]. Interestingly, allicin, an
organosulfur compound obtained from garlic, lowered TMAO levels when supplemented in
addition to L-carnitine in mice [131]. The mechanism remains elusive but is hypothesized to be

25

Chapter 2. Recent advances in the treatment of trimethylaminuria
connected to allicins’ potential role as Rieske protein inhibitor, which would reduce carnitine
transformation to TMA by bacteria.

Figure 2.2. Trimethylaminuria treatments: sequestering excreted TMA using a transmembrane
pH-gradient polymersome-based lotion (a), restricting dietary intake of known TMA precursors
(b), employing methanogenic Archae to reduce TMA to methane via methyltransferase (Mtt)
(c), employing choline TMA-lyase inhibitors (d).

2.3.2 Protonation of TMA
Reducing the volatility of excreted TMA is a validated strategy for the management of the fishlike body odor since TMA excretion in sweat is a significant source of it. Although only
mentioned anecdotally in the scientific literature, frequent washing with low pH soaps in
combination with dietary management constitutes the state-of-the-art treatment for TMAU
[79,132]. When applied on the skin on a regular basis, acidic body lotions and soaps fully
convert excreted TMA to the non-smelling conjugate acid, reducing the body odor. Recently,
our group reported a topical odor-quenching formulation based on polymeric vesicles of the
diblock poly(isoprene)-b-poly(ethylene glycol) (PI-b-PEG) (Chapter 4). The acidic solution
(pH 2.0) contained in the vesicles establishes a transmembrane pH gradient across their bilayer
membrane that constitutes the basis for the system’s mechanism. The TMA free base readily
permeates through the vesicular bilayer membrane and becomes protonated once inside the
acidic core. The positive charge traps the TMA in the vesicles’ core and prevents its diffusion
(Figure 2.2). In an in vitro setting, the polymeric vesicles readily sequestered TMA at skin pH
(pH 5.8) and successfully decreased the odor intensity of TMA perceived by human volunteers
in an olfactory study. The system’s clinical efficacy is yet to be confirmed in clinical studies
where the polymeric vesicles would be applied topically on TMAU patients.
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Deodorizing TMA by masking it with another stronger smell has also been explored as a
potential approach [133]. It was reported that (E,E)-2,4-undecadienal, a naturally derived
product from coriander leaves, deodorized TMA levels of up to 1 mM. While effective at
extremely low levels (10 ppm), the compound was shown to be toxic on human fibroblasts at
25 µM [134], which could represent a challenge when targeting topical or oral formulations.

2.3.3 Targeting gut metabolism
Most interventions reported in the literature target the production of TMA in the colon and/or
lower its subsequent absorption. Inhibition of TMA precursors, inhibition of TMA metabolism
and TMA sequestration have been investigated through different approaches.

2.3.3.1 Antibiotics
Since TMA production from dietary precursors is mainly dependent on its metabolism by
intestinal microbiota [110], antibiotics have been assessed as a treatment for TMAU.
Antibiotics are used to deplete intestinal bacteria in other non-infectious diseases such as
hepatic encephalopathy (a consequence of hyperammonemia), where they target ureaseproducing bacteria to decrease ammonia production [19]. While antibiotics may alleviate the
main symptom of TMAU patients, their chronic use should be avoided if there is no medical
emergency. Their extensive consumption could contribute to the emergence of antibiotic
resistance at the individual as well as communal level, potentially compromising the treatment
of bacterial infections [135,136]. In addition, antimicrobial treatment disrupts the microbiota
composition and may be linked to other diseases such as obesity [20,137].
Metronidazole
The antibiotic metronidazole is thought to decrease the load of bacterial flora that produces
TMA [138]. This nitroimidazole acts specifically on anaerobic bacteria and is used in the
chronic treatment of methylmalonic and propionic acidemias to diminish toxic metabolites
produced by anaerobes [139]. It has also been tested as a short-term treatment of HE but its
ototoxicity, nephrotoxicity, and neurotoxicity make it unsuitable for prolonged use [140].
Reports of TMAU patients receiving the antibiotic over a range of weeks showed variable
results, decreasing urinary TMA by a factor of 3 in some patients, whilst not showing any effect
in others [138,141]. Improved outcomes were obtained when combining the treatment with
dietary restrictions [142,143] or with other antibiotics [98,108]. combination antibiotic
treatment (metronidazole, ampicillin, neomycin, and vancomycin) led to a complete
suppression of TMAO plasma levels after three week dosing [109]. Moreover, two studies
showed near complete suppression of detectable TMAO levels in patients in the context of CVD
[82,110], although TMAO concentrations returned to baseline several weeks post treatment.
Neomycin
One of the antibiotics that has been tested in combination with metronidazole is the poorly
bioavailable aminoglycoside neomycin, which has been used since the late 60s when it was
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approved for treating overt HE by the FDA [144]. Similarly to metronidazole, its major
drawbacks are its ototoxicity and nephrotoxicity [145], the latter affecting about a third of the
patient population[146]. Single use of neomycin was reported to lower TMA levels in mice
[147] and in small patient populations [148,149]. However, due to a non-permanent alteration
of the microbiome, values quickly returned to baseline upon termination of the treatment and
subsequent proliferation of bacteria [149].
Rifaximin
Another antibiotic that has been explored for the treatment of TMAU is rifaximin. It has been
reported to lower TMA levels [150] and to be generally tolerated rather well [151]. This poorly
absorbed semisynthetic rifamycin derivative has a broad spectrum of antibacterial activity,
including aerobes and anaerobes Gram-positive and Gram-negative bacteria, and was approved
by the FDA in 2010 for the treatment of HE. Unlike systemically available antibiotics, rifaximin
allows localized targeting (cutaneous or enteric) of pathogens, which minimizes the risk of side
effects [152].

2.3.3.2 Probiotics
Probiotics have recently emerged as a therapeutic alternative to antibiotics for indications such
as Clostridium difficile infections [153,154]. Probiotics are bacteria that can alter the microbial
metabolism by implantation or colonization and exert various health promoting functions such
as stimulating immunity when present in sufficient numbers [155]. Various mechanisms are
associated with the beneficial effects of probiotics; for instance, production of inhibitory
substances such as bacteriocins, competition with pathogenic bacteria for nutrients, blockage
of adhesion sites for pathogenic bacteria, degradation of toxins and blockage of toxin receptors,
amongst others [156].
Methanogenic Archaebiotics
Natural methanogenic Archaea of the human gut have been shown to reduce TMA with
hydrogen for methanogenesis [157]. While the underlying chemistry was described more than
40 years ago in the rumen of cows (Figure 2.2) [158], delivering sufficient amounts of these
oxygen-sensitive microorganisms to the gut remains an important hurdle. The technique was
patented, but so far has not been tested in humans [159].
Lactobacilli
Together with Bifidobacteria, Lactobacilli are the most commonly ingested probiotics [160].
Several publications report their use to treat TMAU or to lower plasma TMAO in CVD
[156,160–162]. However, studies in patients showed no significant improvement compared to
controls [161] or when being combined with Bifidobacteria [156]. Given that conventional
means of administration were used in the studies (milk-based drinks and conventional
capsules), it is likely that bacteria were unable to achieve an effective dose in the colon. Studies
in mice showed that multiple strains of probiotics could reduce TMAO levels [160,162] but
failed to metabolize any of the commonly known TMA precursors in vitro, suggesting that the
in vivo effect might not be related to the metabolism of these precursors [162].
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Fecal microbial transplantation (FMT)
FMT refers to the transplantation of fecal matter from a healthy donor into the GI tract of a
patient. It is used in the treatment of Clostridium difficile infection and has been tested in several
other indications [163]. Recently, Hazen et al. studied FMT in the context of CVD [164]. In
this work, low and high TMAO-producing mouse strains were chosen as FMT donors for
apolipoprotin E null mice in which resident intestinal microbes had been suppressed by a threeweek course of antibiotics. Initially, plasma TMA and TMAO levels were lower in the recipient
mice transplanted with fecal matter from the low TMAO-producing strain. However, the
differences with the mice that had the high TMAO strain as donor levelled out after 16-20
weeks, suggesting that recurrent treatment would be necessary. These data are in line with the
anecdotal finding in a TMAU patient receiving FMT after pre-treatment with metronidazole,
who reported a decrease in fish odor during the first 6 months but returned to baseline after
roughly one year [165].
Other probiotic treatments
Several other probiotics have been tested for their ability to lower TMA levels, some of them
showing promising results. E. aerogens ZDY01 has been reported to significantly decrease
serum TMAO and fecal TMA levels in mice [166]. In fact, analysis of the cecal bacteria via
bioinformatics showed significant variations in the composition of the microbiome, namely a
reduced abundance of species exhibiting both choline and carnitine TMA lyase activity.
Ferguson et al. patented the use of Eubacterium strains, especially E. limosum and members of
the Clostridial clade XV family, claiming that they demethylated quaternary amines that would
otherwise form TMA and TMAO [167]. However, so far this has only been shown in vitro.
Healthy individuals receiving a high caloric diet for a four-week period together with VSL#3,
a probiotic containing 900 million live bacteria of various Lactobacilli and Bifidobacteria
strains and Streptococcus thermophiles, did not show any differences in TMAO levels
compared to controls [168]. This could be related to the main drawback of probiotics, which is
the difficulty to achieve significant shifts in the microbial community despite being
administered continuously. The low survival of probiotics in the GI tract remains a big hurdle
to overcome, highlighting the need for efficient colonic formulations.

2.3.3.3 Miscellaneous
Small molecules
In 2012, Hazen et al. patented the small molecule 3,3-dimethyl-1-butanol (DMB) and similar
compounds for their ability to lower intestinal TMA in the treatment of CVD [169]. After
observing decreased TMA production from choline in mouse cecum in vitro, DMB was
administered in vivo, showing suppression of TMA similarly to broad-spectrum antibiotics. The
proposed mechanism of action was the inhibition of several TMA lyases, including choline
TMA lyase, as determined in vitro [170]. The patent was further extended to acetylsalicylic
acid (ASA) and its derivatives, since ASA showed inhibition of microbial choline TMA lyase
activity. A subsequent in vivo study reported significant reduction in plasma TMAO levels with
ASA-supplemented drinking water. The decrease in TMAO was confirmed in human
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volunteers, where levels following daily administration of 81 mg ASA for one month were
lower than in controls (2-fold) [171]. In another study, the choline analogues iodomethylcholine
and fluoromethylcholine were tested for their ability to inhibit choline TMA lyase. In vitro
potency was observed to be about 4 orders of magnitude higher than that of DMB [172]. When
given as a single oral dose in C57BL/6 J mice, they markedly reduced plasma TMAO levels by
more than 95%, and virtually completely suppressed TMAO when administered daily over two
weeks. Inhibition of both TMA production and systemic TMAO levels were shown to be dosedependent, while no signs of toxicity following chronic exposure could be observed [172].
Besides TMA lyase inhibitors, a few other small molecules may be useful in the treatment of
TMAU. The anti-ischemic and anti-atherosclerotic drug meldonium is known to work through
an L-carnitine lowering effect [173] by competition for selected enzymes and transport proteins
[174]. Addition of this drug to a TMA-rich diet in healthy volunteers over the course of 3 weeks
limited the increase in plasma TMAO compared to controls [173]. An in vivo study in rats
confirmed the decrease in microbiota-dependent TMA/TMAO from carnitine, but not from
choline [174]. Various other small molecules, such as the naturally occurring phytoalexin
resveratrol [175,176], statins [177], and desmopressin [178] have been shown to have an effect
on TMA or TMAO levels. While desmopressin has been linked to a decrease in odor in a
TMAU sufferer, resveratrol and statins are mainly used in CVD and their use in TMAU has yet
to be investigated, especially regarding their efficacy to reduce TMA odor and their risk-benefit
ratios upon chronic use.
Oral sequestering agents
Dietary charcoal has been used in gastrointestinal detoxification since a long time given its
physical adsorptive mechanism [179]. Supplementation with 750 mg of activated charcoal
twice daily over the course of 10 days has been reported to reduce urinary free TMA in TMAU
patients and shift the TMA/TMAO ratio to values similar to those found in healthy patients
during the administration period [180]. This observation was confirmed in another case [181],
although after termination of the treatment the values quickly returned to baseline. When using
copper chlorophyllin instead, the decrease in free urinary TMA could be extended to several
weeks post treatment [180]. Mechanistically, the decrease is linked to complexation of TMA
with copper chlorophyllin, which might open avenues for the exploration of similar compounds
[182]. Both activated charcoal and copper chlorophyllin are recommended dietary supplements
for TMAU sufferers [183]. Recently, Kellermann et al patented a technology based on zeolites,
claiming their ability to decrease TMA levels in therapeutically effective amounts [184].
However, data supporting their claims was not provided and the patent application status was
abandoned. One of the major drawbacks of sequestering agents is their non-specific mechanism
of action, which may result in the capture of other metabolites in addition to the target [8].
Laxatives
The administration of the oligosaccharide lactulose, an osmotic laxative, has been reported in
the treatment of TMAU [185]. By altering the intraluminal pH, lactulose can modify the gut’s
flora [186]. Although after oral treatment for 14 days no alteration in basal TMA excretion
could be observed, the treatment abolished post-provocation rises in urinary TMA excretion as
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well as the odor, making it convenient for occasional uses but not long-term given its
dehydrating effects [185].

2.3.4 Targeting FMO3
TMAU is a genetic disorder related to variations of the enzyme FMO3, which is responsible
for the metabolism of TMA to the non-smelling TMAO. Restoring FMO3 activity or boosting
its residual activity in cases of milder forms of TMAU, is an interesting approach. Enzyme
replacement therapy has provided treatments for previously untreatable metabolic conditions
[187], but so far there are no reports of its use in TMAU, only publications naming it as a
potential treatment option [70].
Gene therapy aimed at restoring the oxidative function of FMO3 might one day suppress
TMAU, although at present this approach is only mentioned in perspective articles [71] and
patents [188] for which scientific data is lacking. Therefore, TMAU sufferers have to revert to
simpler approaches, all of which are thought to influence residual enzyme activity. Dietary
supplementation with riboflavin was reported to have a decreasing effect on odor intensity as
well as on TMA and TMAO levels in one patient [189], presumably due to increasing FMO3
activity by acting as a cofactor. However, additional studies are lacking at this point.
Furthermore, affected individuals are advised to avoid drugs that are metabolized by FMO’s
[87], such as clozapine, deprenyl, and ranitidine, amongst others [183], since these might
exacerbate the condition by competing for residual FMO3 activity. Lastly, tannins and
especially brussels sprouts have shown pronounced inhibition of human FMO3 activity when
being administered over longer periods and should therefore be avoided [190,191].

2.4 Conclusion
Due to the low prevalence and medical awareness of TMAU, research efforts on its mechanism
and treatment remain scarce. Diagnosis is the first step to helping affected individuals to
manage the condition and its social/psychological burden. Currently, the main treatment is
dietary restriction of TMA precursors in combination with frequent washing using acidic soap.
This approach might prove sufficient for patients suffering from secondary TMAU but have
limited benefit for those with primary TMAU. Although numerous treatment strategies have
been described in the literature, a limited number of clinical studies have been performed, most
of them with very few patients. Antibiotics that deplete TMA-producing bacteria have been
shown to decrease TMA levels in several studies, but their benefit-risk ratio may not be
acceptable for chronic use given the potential side effects and risk of antibiotic resistance
promotion, especially since TMAU does not affect vital functions. Research into TMAO as
disease marker in CVD has drawn the attention of the scientific community towards TMA and
its metabolism, sparking novel research directions such as the development of choline TMA
lyase inhibitors. The promising results that these novel molecules have shown in various in vivo
models as well as in a limited number of patients bring hope to those affected by TMAU, as
they could potentially lead to an effective treatment for them in the near future.
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3.1 Introduction
Ammonia is a nitrogen metabolite essential to the health of the human body (e.g., amino acid
metabolism). It coexists with its protonated form ammonium (NH 4+ pKa of 9.25) [192] in an
equilibrium, which is governed by pH and is shifted towards the protonated species at plasma
pH. The majority of systemic ammonia is produced in the large intestine by bacterial cleavage
of urea, before entering systemic circulation. In healthy individuals, ammonia is detoxified in
the liver by the urea cycle, as well as by glutamine synthesis in the muscles, and is excreted
through the kidneys as urea [14]. A diseased or dysfunctional liver can impair hepatic
detoxification and cause a rise in systemic ammonia levels resulting in hyperammonemia (blood
ammonia levels > 50 µmol L-1 in adults and > 100 µmol L-1 in newborns) [16]. Impairment of
hepatic detoxification can be caused by an inherited metabolic disease, as is the case in urea
cycle disorders, where the incidence is reported to be 1 in 35,000 live births [17], or acquired,
as is the case in liver cirrhosis [193,194]. Ammonia and ammonium are capable of penetrating
the blood brain barrier. Under hyperammonemic conditions the concentrations of ammonia
metabolites are neurotoxic, likely due to the accumulation of glutamine (produced by the
condensation of glutamate with ammonia) within the brain. In the case of liver cirrhosis this is
referred to as hepatic encephalopathy [18,195]. Neurotoxic effects range from cognitive
impairment to coma and even death, depending on the severity of the disease.
Current treatments for HE mainly target the generation and uptake of ammonia in the colon.
These include the laxative, lactulose, and the marginally bioavailable antibiotic, rifaximin.
Lactulose acidifies the colon, thereby impairing bacterial growth and reducing ammonia
production; it also promotes ammonia excretion through its laxative effect [196]. Rifaximin
lowers ammonia levels by eliminating urease-producing bacteria [197,198]. These approaches
are viewed as poorly effective or can affect normal human microbiota [20]. Of further concern,
and relating to the use of rifaximin and other chronically applied antibiotics, antibiotic
resistance is a growing concern; this generally renders chronic antibiotic therapy as ill-advised
for long term use [135,136].
In 2015, Forster et al. reported a transmembrane liposomal pH gradient formulation capable of
effectively capturing ammonia when applied via peritoneal dialysis [22]. This approach lowered
plasma ammonia concentrations in bile duct ligated rats (a model of HA) [24], implying its
potential for the management of acute and severe hyperammonemic crises. The demonstration
of effective liposome-based ammonia capture was a positive stepping-stone, but for chronic
treatment of HA an oral formulation would be more practical. Liposomes have been
investigated in oral drug delivery for years, but so far no oral product has been successfully
developed, mainly due to poor liposome stability within the conditions of the gastrointestinal
(GI) tract [199,200]. Polymersome HA therapeutic strategies, a variant of liposomal strategies,
may bridge this gap.
In the past two decades polymersomes (synthetic analogues of liposomes) have emerged as
biologically resilient, targetable drug delivery tools, and have therefore drawn the interest of
the drug delivery community [45,52]. These synthetic vesicles are more stable than their
liposomal analogues due to thicker vesicle membranes [31], while simultaneously also being
more functional [201] due to their capacity to be tuned by incorporating function-specific
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monomers. Recently, transmembrane pH gradient polymersomes consisting of poly(styrene)b-poly(ethylene glycol) have been shown to efficiently sequester ammonia in simulated
intestinal fluids [25]. However, this system failed to lower ammonia levels in bile duct ligated
rats after oral administration, possibly due to insufficient ammonia uptake and partial
destabilization of the vesicles in the colon upon dehydration of the intestinal chyme. Our work
explores optimization of these potential points of failure.
It is known that the properties of the hydrophobic polymer block such as its glass transition
temperature strongly influence functional and structural characteristics of the polymeric
vesicles. We therefore hypothesized that hydrophobic polymer blocks having a low Tg, such as
poly(isoprene) (Tg PI = -69 – -64 °C) [56], might result in polymersomes with a more fluid
bilayer and subsequently superior ammonia capture as compared to polymersomes containing
a hydrophobic polymer block with a high Tg (resulting in a more crystalline membrane), such
as poly(styrene) (Tg PS = 105 -109 °C) [55]. We further hypothesized that the stability of the
vesicle system will be increased by polymeric crosslinking the vesicular bilayer [202]. In this
work, we screened different PI-b-PEG polymersome vesicles for the ability to take up ammonia
under simulated intestinal conditions and subsequently optimized the system to improve
vesicular stability.

3.2 Materials and Methods
3.2.1 Materials
Isoprene, isobutyraldehyde, ammonium chloride (NH4Cl), 2-methyl-2-nitropropane,
magnesium, bromobenzene, copperII acetate (Cu(OAc)2)), sodium bicarbonate (NaHCO3),
sodium hydroxide (NaOH), sodium sulfate (Na2SO4), poly(ethylene glycol) (PEG) monomethyl
ether (Mn = 5000 g mol-1), potassium dihydrogen phosphate (KH2PO4), iodine, palladium on
activated charcoal (10%), trisodium citrate dehydrate, bile salts (mixture of sodium cholate and
sodium deoxycholate), alkaline hypochlorite solution, phenol nitroprusside solution, and 8hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (pyranine) were purchased from Sigma
Aldrich (Steinheim, Germany). Copper powder, zinc powder, as well as N,N,N,N,Npentamethyldiethylenetriamine (PMDETA) were supplied by Acros (Geel, Belgium). PEG
monomethyl ether (Mn = 2000 g mol-1) was obtained from Fluka (Buchs, Switzerland). Sodium
taurocholate and PEG monomethyl ether (Mn = 700 g mol-1) were obtained from ABCR
(Karlsruhe, Germany). Triethylamine (Et3N) was purchased from Merck (Darmstadt,
Germany). Citric acid monohydrate and sodium chloride (NaCl) were obtained from Fisher
Scientific (Leicester, UK). CopperI bromide (CuBr) was obtained from Alfa Aesar (Kandel,
Germany). 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone was purchased from TCI
(Zwijndrecht, Belgium). SilicaFlash P60 (40-63 μm, 230-400 mesh) was obtained from
Silicylce (Quebec City, QC, Canada). Deuterated chloroform (CDCl3) was supplied by Armar
(Dottingen, Switzerland). Ammonium hydroxide (NH4OH) 25% aqueous solution was
purchased from VWR (Fontenay-sous-Bois, France). All solvents were obtained from VWR,
Fisher Scientific, Acros, or Sigma Aldrich. Metamucil® Regular (fiber and saccharose) was
purchased from Procter & Gamble (Petit-Lancy, Switzerland).
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2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (95 %) was synthesized as described
elsewhere [203].

3.2.2 Polymer synthesis
Three polymer libraries were synthesized using PEG monomethyl ether 700, 2000, or 5000 g
mol-1, respectively, as the starting material (Scheme 3.1). The polymer syntheses were
conducted in the same fashion for all three libraries, unless stated otherwise.

Synthesis of PEG monomethyl ether 2-bromopropionate (PEG-Br) (3)
PEG monomethyl ether (1) (1 eq.) was dried under vacuum at 60 °C overnight to remove
residual traces of water. After dissolving 1 in dry tetrahydrofuran (THF), triethylamine (5 eq.)
was added under inert atmosphere. The reaction mixture was then cooled to 0 °C and a solution
of 2-bromopropionyl bromide (2) (5 eq.) in dry THF was added dropwise. After stirring for 24
h, the hydrobromine salts were removed by centrifugation and the supernatant was concentrated
under reduced pressure. The residue was dissolved in water and extracted with dichloromethane
(DCM), followed by washing with saturated sodium bicarbonate solution and brine, and
subsequently dried over sodium sulfate. After concentrating under reduced pressure, the residue
was dissolved in DCM, precipitated in cold diethyl ether (Et2O), and dried under vacuum
overnight. 3 was obtained as a white solid (light brown in case of PEG700-Br) (PEG700-Br: 40%;
PEG2000-Br: 93%; PEG5000-Br: 71%).
NMR (400 MHz, CDCl3) (Figures S1-3): δ 4.34 (q, 1H), 4.25 (t, 2H), 3.78 – 3.37 (m, 4H
per PEG unit), 3.31 (s, 3H), 1.76 (d, 3H).
1H

Synthesis of PEG monomethyl ether alkoxyamine (PEG-TIPNO) (5)
PEG-Br (3) (1 eq.), copperI bromide (0.6 eq.), and copper (2.6 eq.) were placed in a Schlenk
flask under argon atmosphere and deoxygenated using several vacuum argon cycles.
Subsequently, dry toluene, PMDETA (2.1 eq.), and TIPNO (4) (2.5 eq.) were added and the
mixture was degassed by 3 freeze-thaw cycles, then flushed with argon and sealed. The flask
was placed in a pre-heated oil bath at 80 °C and the reaction was stirred for 48 h. Afterwards,
the crude mixture was precipitated in Et2O and residual copper was removed using silica flash
chromatography (20:1 chloroform (CHCl3)/methanol (MeOH)). After concentration under
reduced pressure, the residue was dissolved in CHCl3 and precipitated in cold Et2O, before
being dried under vacuum. 5 was obtained as a white solid (slightly brown in case of PEG700TIPNO) (PEG700-TIPNO: 86%; PEG2000-TIPNO: 76%; PEG5000-TIPNO: 70%). In case of
PEG700-TIPNO, a slightly modified purification process, based on the purification of TIPNO
was used [203].
NMR (400 MHz, CDCl3) (Figures S4-6): δ 7.58 – 7.03 (m, 5H), 4.50 and 4.43 (q, 1H), 4.32
– 4.17 (m, 2H), 3.78 – 3.37 (m, 4H per PEG unit), 3.31 (s, 3H), 3.24 (d, 1H), 2.09 and 1.95 (m,
1H), 1.50 and 1.36 (d, 3H), 1.14 and 0.99 (d, 3H), 0.91 and 0.85 (s, 9H), 0.44 and 0.37 (d, 3H).
1H
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Synthesis of poly(ethylene glycol)-block-poly(isoprene) (6)
PEG-TIPNO (5) (1 eq.) and isoprene (eq. varying) in xylenes were placed in a 30-mL pressure
tube and sealed. Subsequently, the mixture was degassed by 3 freeze-thaw cycles, backfilled
with argon, and sealed. The reaction was then placed in a pre-heated oil bath at 125 °C and
stirred for 48 h. After quenching at room temperature, residual solvent and monomer were
removed by co-evaporations using Et2O at 50 °C. Drying under vacuum afforded a yellow semisolid.
NMR (400 MHz, CDCl3) (Figures S7-9): δ 5.79 – 5.59 (m, 1H per unit of 1,2-PI), 5.18 –
4.93 (m, 1H, 1,4-PI), 4.92 – 4.72 (m, 2H, 1,2-PI), 4.72 – 4.50 (m, 2H 3,4-PI), 4.17 – 4.05 (m,
2H), 3.79 – 3.35 (m, 4H 19 per unit of PEG), 3.31 (s, 3H), 2.09 – 1.84 (m, 2H, 1,4- and 3,4-PI),
1.68 – 1.45 (m, 3H, 1,4- and 3,4-PI).
1H

Hydrogenation of PEG-b-PI (7)
PEG-b-PI (6) (approx. 300 mg) was put in a round-bottom flask and dried under vacuum.
Subsequently, 4 mL of dry DCM and 1.5 mL of dry MeOH, both degassed using argon, and 60
mg palladium on activated charcoal (10%) were added. The mixture was then placed in a highpressure autoclave and conditioned with three vacuum-hydrogen cycles, before applying a
pressure of 600 kPa in hydrogen. The reaction was then stirred overnight at room temperature.
The mixture was purified by filtering over celite and drying under vacuum. Hydrogenated
polymers 7 (PI(H)-b-PEG) were obtained in close to quantitative yield.
NMR (400 MHz, CDCl3) (Figures S7-9): δ 4.21 – 4.07 (m, 2H), 3.79 – 3.35 (m4, H 19 per
unit of PEG), 3.31 (s, 3H), 1.71 – 0.52 (m, 10H per unit of isoprene).
1H

3.2.3 Polymer characterization
Nuclear magnetic resonance spectroscopy (NMR)
1H

NMR spectra were recorded on a Bruker AV-400 400 MHz spectrometer. Samples were
dissolved in CDCl3, at concentrations of roughly 10 mg mL-1. Measurements were performed
at room temperature over 256 cycles. Chemical shifts, reported in ppm, were adjusted to the
corresponding solvent peak (7.26 ppm).
Size exclusion chromatography (SEC)
SEC was performed on a Viscotek TDAmax system (Viskotek, Houston, TX, USA). The
system consisted of two ViscoGEL columns (GMH HR-M, poly(styrene-co-divinylbenzene)),
employing THF as the mobile phase. A differential refractive index detector (TDA 302,
Viskotek) was used to determine macromolecular characteristics relative to a poly(methyl
methacrylate) (PMMA) standard curve (PSS polymer Mainz, 2500 – 89,300 g mol-1). All
samples were filtered using 0.2-µm syringe filters (PTFE) and measured at a flow rate of 0.5 mL
min-1.
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3.2.4 Vesicle preparation
Film Rehydration. Polymers were dissolved in DCM (3 mg in 200 μL), added into a 4-mL
glass vial and subsequently dried to obtain a thin polymer film. The film was then rehydrated
using 1 mL of sodium chloride-containing citrate buffer (250 mM citric acid, pH = 2, 300
mOsmol kg-1) and stirred for 3 days at room temperature.
Nanoprecipitation. Polymers were dissolved in THF (4 mg in 333 µL) and added dropwise to
1 mL of sodium chloride-containing citrate buffer (250 mM citric acid, pH = 2, 300 mOsmol
kg-1), whilst stirring at room temperature for 5 min. Excess solvent was removed in vacuum (1
h, 40 °C, 15 kPa).
Emulsification. Polymer (30 mg) was dissolved in 100 µL of DCM and agitated for 1 h at room
temperature. The mixture was then added to 1 mL sodium chloride-containing citrate buffer
(250 mmol in citrate, pH = 2, 300 mOsmol kg-1), followed by sonication with a FB-705 sonic
dismembrator (Thermo Fisher Scientific) (optimized conditions: amplitude of 5% for 1 min).
During the sonication process, the sample was cooled using an ice bath. Afterwards, excess
DCM was removed under vacuum (7 min, 40 °C, 70 kPa).
In order to achieve an inner pH of 6.8, the emulsification protocol was modified, switching to
a sodium chloride-containing phosphate buffer (60 mM in phosphate, pH = 6.8, 300 mOsmol
kg-1) instead of the citrate buffer.
Encapsulation of pyranine was achieved using the above mentioned vesicle preparation
methods, switching from the sodium chloride-containing citrate buffer to a 10 mM solution of
the hydrophilic dye pyranine in milliQ water. Excess dye was removed using PD Miditrap G25 size exclusion columns (GE healthcare, Uppsala, Sweden), applying the following protocol:
after conditioning the column with milliQ water, 200 µL of pyranine-loaded vesicles were
added, followed by 800 µL of milliQ water. Subsequently, 600 µL of milliQ water was added,
and the eluent was collected.
Crosslinking of vesicles was performed using the photoinitiator 2-hydroxy-4-(2hydroxyethoxy)-2-methylpropiophenone. Varying amounts of crosslinker were mixed with 1
mL vesicle solution in sodium chloride-containing citrate buffer (250 mM in citrate, pH = 2,
300 mOsmol kg-1), yielding crosslinker concentrations of 0.5, 1, 2, 5, and 10 mM. Crosslinking
was carried out at room temperature under UV light (365 nm) for 6 h.

3.2.5 Particle characterization
Samples were analysed in phosphate buffer at pH 6.8, unless stated otherwise.
Polymer concentration in vesicle suspensions
Polymer concentration in the vesicle suspension was determined by SEC. Briefly, 75 µL of
suspension in citrate buffer were lyophilized, and subsequently dissolved in 1 mL of THF. The
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obtained peak integrals were compared to a standard curve of the native polymer (2, 1, 0.5, 0.2,
and 0.1 mg mL-1).
Particle yield was calculated dividing the obtained polymer concentration by the maximal
achievable concentration.
Optical microscopy
Optical microscopy images were obtained using a Leica DMI6000B inverted epifluorescence
microscope (Leica Microsystems, Wetzlar, Germany). Samples were either analyzed using the
differential interference contrast (DIC) or fluorescent channel, applying 10 µL of sample on a
glass slide. Image analysis was performed using ImageJ (V 1.52a) and particle counting was
performed in MatlabR2018b using the Image Processing and Computer Vision toolbox.
Size measurements
Diameter and dispersity of samples were determined using dynamic light scattering (DLS). A
DelsaNano (Beckman Coulter, Indianapolis, IN, USA) was used in backscattering mode,
employing 20-fold diluted particle samples. For samples having diameters larger than 800 nm,
additional measurements using laser diffraction (LD) were performed on a Malvern
MasterSizer2000 (Malvern Instruments, Malvern, UK).
Electron microscopy (EM)
Transmission EM (TEM). 5 µL of sample was placed on glow-discharged (Emitech K100X,
GB) carbon-coated grids (Quantifoil, D) and allowed to remain for 1 min. Afterwards, interval
excess fluid was removed with filter paper and the wet sample was stained in 2% sodium
phosphotungstate (pH 7.2) for 1 sec, followed by a second step for 15 sec. Excess moisture was
drained with filter paper and images of the air-dried grids were taken with a TEM Morgagni
268 (Thermo Fisher Scientific, Waltham, MA, USA) operated at 100 kV.
Cryo-TEM. The sample (5 µL) was applied on a gold grid, covered by holey gold film
(UltrAuFoil 2/1 Quantifoil Micro Tools GmbH, Jena, Germany). Excess of liquid was blotted
between two filter paper strips automatically. The sample was then plunged into liquid ethane
(- 180 °C) in a cryobox (Carl Zeiss NTS GmbH, Oberkochen, Germany). After removing excess
ethane with a piece of filter paper, the sample was immediately transferred into the pre-cooled
cryo-electron microscope (Philips CM 120, Eindhoven, Netherlands), using a Gatan 626 cryotransfer holder (Gatan, Pleasanton, CA, USA), and viewed under low dose conditions
(microscope operated at 120 kV). A 2k CMOS camera (F216, TVIPS, Gauting, Germany) was
used to record images, averaging 4 images to one in order to minimize the noise.
3.2.6 Ammonia capture experiments
Ammonia capture in phosphate buffer. Ammonia capture experiments were performed in a
side-by-side diffusion cell setup (PermeGear, Hellertwon, PA), consisting of a reference and a
sample cell having 3.4 mL total volume each. The two cells were separated by a 0.1-µm
polycarbonate membrane (Sterlitech, Kent, WA). The sample cell was prepared by mixing 2.8
mL of sodium chloride-containing phosphate buffer (60 mM in phosphate, pH = 6.8, 300
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mOsmol kg-1), 145 µL 2 M NaOH, 29.5 µL of water, and 400 µL of vesicles in sodium chloridecontaining citrate buffer (250 mM in citrate, pH =2, 300 mOsmol kg-1, PI-b-PEG 10.2 mg mL1). The reference cell was prepared the same way, using citrate buffer without vesicles. The
system was incubated for 15 min at 37 °C, before addition of 25.5 µL of 100 mM NH 4Cl
solution (0.75 mM in the cell). Aliquots (20 µL) were sampled at regular time intervals from
the reference cell.
Ammonia capture in the absence of a pH gradient was conducted using the same setup,
preparing the two cells as follows: The sample cell was prepared by mixing 2.9745 mL of
sodium chloride-containing phosphate buffer (60 mM in phosphate, pH = 6.8, 300 mOsmol kg1) and 400 µL of vesicles in sodium chloride-containing phosphate buffer (60 mM in phosphate,
pH = 6.8, 300 mOsmol kg-1, PI-b-PEG 10.2 mg mL-1). The reference cell was prepared using
3.375 mL of sodium chloride-containing phosphate buffer (60 mM in phosphate, pH = 6.8, 300
mOsmol kg-1). NH4Cl was added as described above.
Ammonia concentration was determined using the Berthelot assay [204]. Briefly, samples, as
well as a series of standards (62.5 – 1000 µM in NH4Cl) were pipetted in a 96-well plate (UVStar, Greiner Bio-One, Kremsmünster, Austria). After addition of nitroprusside solution and
alkaline hypochlorite solution to all wells (5:1 solution/sample for both), the plate was
incubated for 20 min at room temperature. Subsequent absorbance measurement at 636 nm on
an infinite M200 PRO plate reader (TECAN, Männedorf, Switzerland) yielded ammonia
concentrations. Ammonia capture (in µmol of ammonia per g of polymer) was calculated using
the following formula (Eq 1):

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑡) =

(𝐶 (𝑁𝐻3 )𝑡0 −𝐶 (𝑁𝐻3 )𝑡 ) µ𝑚𝑜𝑙 𝐿−1
𝐶𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑔 𝐿−1

(1)

Where c(NH3)t0 is the concentration of ammonia in the reference cell, at the start of the capture
experiment.
Ammonia capture in simulated intestinal fluids. Ammonia capture experiments in simulated
intestinal fluids were performed as described above for capture in phosphate buffer. However,
sodium cholate, sodium deoxycholate, and sodium taurocholate (30 mM each) were added to
the phosphate buffer (pH 6.8).
Ammonia capture in a colon-mimicking environment. In a 2-mL microcentrifuge tube,
Metamucil® (400 mg) was dissolved in 127.5 µL phosphate buffer (15.7 mM, pH 6.8), 72.5 µL
of 2 M NaOH, and 200 µL of vesicles in citrate buffer. The mixture was briefly stirred with a
spatula and then incubated at 37 °C overnight on a rotary shaker before being placed in the
sample cell. After addition of 2 mL of phosphate buffer (60 mM, pH 6.8) to both cells, 20 µL
of NH4Cl (100 mM in water) were added to each chamber. Control samples were prepared in
the same way, in the absence of Metamucil®. All experiments were performed at 37 °C for 3 h,
after which a sample (20 uL) was taken from the reference cell.
Due to interference of Metamucil® with the Berthelot assay, ammonia concentrations were
determined using the Randox assay kit (Randox Laboratories, Crumlin, UK).
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3.2.7 Statistical analysis
Statistical analysis was performed using GraphPad Prism (Version 8.2.0). For the ammonia
capture kinetic experiment, the area under the capture capacity vs. time curve from 0 - 8 h
(AUC0-8h) were compared. For multiple groups, an ordinary one-way ANOVA and subsequent
Tukey’s multiple comparisons test was used. In case of two groups, an unpaired t-test was
performed. For the assays performed in a colon-mimicking environment, and those involving
crosslinked vesicles, statistical analysis was performed on the ammonia capture obtained after
24 h.

3.3 Results and Discussion
3.3.1 Polymer synthesis

Scheme 3.1. Synthesis of PI-b-PEG amphiphiles by NMP and subsequent hydrogenation.

The synthesis of PI-b-PEG polymers was carried out by nitroxide-mediated polymerization,
following a previously published procedure [202]. Briefly, PEG monomethyl ethers of different
molecular weight (1) (700, 2000, and 5000 g mol-1) were reacted with methyl 2bromopropionate (2) to yield PEG-functionalized bromopropionate (3). The latter was then
radically coupled to the stable nitroxide TIPNO (4), which was synthesized following a
procedure described by Hawker and coworkers [203], to form the corresponding PEGfunctionalized alkoxyamine (5) (Scheme 3.1). Three PEG-based macroinitiators for NMP were
obtained in high yields (>70%) and high purity (>95%) (Figures S4-6). Subsequent
polymerizations of isoprene were carried out under inert conditions at 125 °C in xylenes. For
each of the three alkoxyamines a library of amphiphilic block copolymers with different PI/PEG
(w/w) ratios was obtained and characterized by size exclusion chromatography and 1H-NMR
spectroscopy (Table 3.1).
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Table 3.1. Characteristics of the PI-b-PEG amphiphiles and their supramolecular assemblies.
Polymer assemblies were formed using a sonication probe at an amplitude of 5% for 1 min.

PI-bPEG700

PI-bPEG2000

PI-bPEG5000

PI/PEG
[w/w]

Mn
[g mol-1] a)

0.92

1300

1.94

Ð

d
[nm] c)

PDI c)

d
[µm] d)

Span d)

Yield
[%] b)

1.18

240

0.34

-

-

55

2100

1.23

*

5.28

1.14

42

3.03

2800

1.38

*

6.10

1.89

54

4.14

3600

1.25

*

10.3

1.73

44

5.76

4700

1.24

*

10.6

2.45

16

0.84

3700

1.34

120

0.30

-

-

45

1.32

4600

1.25

240

0.23

-

-

50

1.99

6000

1.28

*

8.00

1.93

34

2.30

6600

1.30

*

6.99

1.82

39

2.38

6800

1.25

*

7.48

2.47

33

2.90

7800

1.25

*

6.23

1.09

24

3.44

8900

1.26

*

6.71

3.35

24

3.62

9200

1.27

*

7.79

2.55

24

4.52

11,000

1.29

*

6.22

8.96

3

0.77

8900

1.20

120

0.27

-

-

46

1.51

12,600

1.56

230

0.32

-

-

50

2.37

16,900

1.22

*

25.6

4.10

11

3.03

20,200

1.17

*

18.7

6.63

2

4.63

28,200

1.29

-

-

-

0

b)

-

Ð: dispersity; d: particle diameter, PDI: particle polydispersity index; Span: width of distribution.
a)

Calculated by 1H-NMR; b) Measured by SEC in THF; c) Determined by DLS; d) Determined by LD; * Diameter

larger than 800 nm; - No particles detected.

To determine the number average molecular weights (Mn) by NMR, the proton-weighted ratio
of the PEG-CH3 and the residual double bonds of the PI block were used (Figure 3.1). Further,
the mode of incorporation of the isoprene units was characterized by 1H-NMR, comparing the
integrals in the region between 4.5 and 6 ppm. Molar ratios of 1,4-isomers to 1,2- and 3,4isomers of about 9:1 were obtained, which is in accordance with previous findings for the
polymerization of isoprene (Table S1) [205–208].
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Figure 3.1. 1H NMR spectra of PI-b-PEG polymers in CDCl3. PI/PEG (w/w) ratio indicated on
the left.

The PI/PEG (w/w) ratio was varied by changing the isoprene monomer feed while keeping the
amount of alkoxyamine and the reaction conditions constant (Figure 3.2a). Increasing the
monomer feed, led to a linear increase in molecular weight, both by 1H-NMR and SEC (Figure
3.2c). The discrepancies between the molecular weights obtained by both methods can be
explained by the use of poly(methyl methacrylate) standards to calibrate the SEC system At
lower monomer feed, the PI-b-PEG700 polymers deviated slightly from the linear trend. This
can be ascribed to potential loss of monomer during freeze-thaw cycles due to the small isoprene
quantities used in these reactions. Dispersities observed in the polymerizations (Ð = 1.2-1.3)
were in accordance with previous publications [202]. While showing the typical shift to lower
retention volumes with increasing monomer feed for all three of the libraries, the size exclusion
chromatograms exhibited a second small peak at higher retention volumes, suggesting
incomplete initiator coupling with increasing monomer feed (Figure 3.2b, Figure S10). In fact,
previous reports on alkoxyamine syntheses via radical coupling to TIPNO indicated a side
reaction, namely the formation of the PEG-propionate ester with an up to 30% yield [202].
However, the characteristic peaks of this by-product could not be found in any of the 1H-NMR
spectra measured in this study. In addition, SEC showed a small shoulder at higher monomer
feeds in the PEG 2000 as well as PEG 5000 series, which are most likely caused by termination
events, such as radical coupling [202]. Therefore, our amphiphiles exhibited characteristics in
line with previous reports [202].
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Figure 3.2. Ratios of PI/PEG (w/w) plotted against equivalents of isoprene after 48 h of
polymerization (a). Size exclusion chromatograms of PI-b-PEG2000 polymers (b). Molecular
weights obtained by SEC (black squares), 1H-NMR (white squares), and dispersity values
(black circles) obtained via SEC, plotted against equivalents of isoprene after 48 h of
polymerization (c).

In an effort to change the characteristics of the hydrophobic block, several of the PI-b-PEG
polymers were hydrogenated (Figures S7-9, Table S2) yielding polymers 7 (PI(H)-b-PEG,
Scheme 3.1). Completion of the hydrogenation reaction was confirmed by the disappearance
of the olefinic protons in the 1H-NMR spectrum (Figures S7-9). In addition, SEC of 7
confirmed that hydrogenation had no effect on the macromolecular characteristics (Figure
S11).
Therefore, libraries of PI-b-PEG polymers with varied length of both the hydrophobic and the
hydrophilic block, as well as unsaturated and hydrogenated polymer backbones were obtained
(Table 3.1 and Table S2) and used in subsequent experiments.
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3.3.2 Formation of polymersomes
While the self-assembly of amphiphiles has been extensively studied and various methods for
the preparation of polymersomes have been reported [30,209], there are only scarce reports
describing supramolecular structures formed by PI-b-PEG in aqueous media, focusing mainly
on micellar and hybrid vesicular structures [202,210–213].

Figure 3.3. Outline of the self-assembly screening process, using PI-b-PEG2000 amphiphiles,
employing optical microscopy.

We screened the ability of several of the synthesized PI-b-PEG2000 amphiphiles to form
polymersomes via light/fluorescence microscopy assay (Figure 3.3) using three preparation
methods, namely emulsification by sonication, nanoprecipitation, and film rehydration. In a
first step, the amphiphiles’ ability to form round-shaped structures was investigated under
various conditions in order to exclude non-spherical structures, such as irregular aggregates
(e.g. pointed with arrows for PI/PEG 3.62 (w/w) in Figure 3.4).

Figure 3.4. Examples of different morphological data recorded with a light microscope (DIC
channel, scale bar 50 µm, pointed arrows for aggregates).
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Subsequently, conditions leading to spherical shaped microparticles were tested for their
capacity to trap and retain the hydrophilic dye pyranine. Owing to its negative charge, pyranine
does not adsorb to hydrophobic matrices and can therefore be used to indirectly monitor
polymersome formation [214]. Encapsulation of pyranine varied between samples, but
increasing the PI/PEG weight ratio (and therefore the length of the hydrophobic block) from
1.32 to 1.99 improved entrapment (Figure 3.5). By increasing the PI/PEG ratio even further,
encapsulation decreased to a point when no dye could be encapsulated (PI/PEG 3.62).

Figure 3.5. Fluorescence microscopy images of the encapsulation of pyranine in PI-b-PEG2000
polymersomes (DIC (top) and corresponding fluorescence channel (bottom), scale bar 50 µm).

The uptake of pyranine was lower in case of film rehydration method compared to the
nanoprecipitation and emulsification/sonication procedure (Figure 3.6, Table S3).
Furthermore, with the emulsification/sonication procedure, it was possible to obtain a higher
yield of polymersomes (Table S3).

Figure 3.6. Fluorescence microscopy images of pyranine-containing vesicles prepared by
emulsification (left), nanoprecipitation (middle), and film rehydration (right). Upper panel
showing DIC channel, lower panel showing fluorescent channel. Scale bar is set to 50 µm.

46

Chapter 3. Ammonia uptake by transmembrane pH gradient PI-b-PEG polymersomes
Therefore, we selected and further optimized this method for subsequent experiments, using
the polymer showing the highest encapsulation efficiency (PI/PEG 1.99) (Figure 3.7, Figure
S12). This way, it was found that the conditions resulting in a high polymersome yield were
those of low energy input, i.e. short sonication time (1 min) under a mild amplitude (5%).

1 min
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3 min
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Pyranine particle count (-)

2000

1500
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Figure 3.7. Pyranine particle count after encapsulation into PI-b-PEG polymersomes using
varying sonication amplitudes as well as sonication times (PI/PEG 1.99), mean + SD
(n(images)=3).

Employing these optimized conditions, we attempted to prepare vesicles with all 19
amphiphiles with an inside pH of 2 [25]. Sizes of macromolecular assemblies were analyzed
by dynamic light scattering. In cases where diameters obtained via DLS exceeded 800 nm, laser
diffraction was employed (Table 3.1). Overall, diameters in the upper nanometer or micrometer
range were targeted to minimize uptake of vesicles by intestinal cells and therefore avoiding
systemic exposure [215].
For all three of the libraries (PI-b-PEG700, 2000, or 5000), amphiphiles exceeding a PI/PEG (w/w)
ratio of 1.5 resulted in structures in the low micron range with relatively narrow size
distributions (Table 3.1, Figure 3.8a). Smaller diameters (< 300 nm) were observed at ratios
below 1.5, indicating the presence of another population than the expected micrometer-sized
polymersomes.
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Figure 3.8. Size distribution of PI-b-PEG2000 polymer (PI/PEG (w/w) 1.99) by LD (n = 3) (a).
Particle yield of PI-b-PEG polymer assemblies with different PI/PEG (w/w) ratios. Particles
were prepared using an emulsification process with an initial polymer feed of 30 mg (mean ±
SD, n = 3) (b).

To gain a better understanding of the effect of different PI/PEG (w/w) ratios on the morphology
of the supramolecular assemblies, transmission electron microscopy experiments using the PIb-PEG2000 polymersomes were performed (Figure 3.9). At a PI/PEG (w/w) ratio of 0.84 (i.e.,
high fraction of PEG) mainly spherical structures with diameters of approximately 30 nm were
detected (Figure 3.9a), correlating with diameters usually reported for polymeric micelles
[202]. While increasing the length of the hydrophobic block (PI/PEG 1.32), formation of tubes
and larger spherical/irregular structures was observed (Figure 3.9b). In fact, large spherical
structures with diameters in the range of 100 – 600 nm appeared to be the main species formed
at PI/PEG (w/w) ratios over 2.0 (Figure 3.9c-g). The vesicular structure of these larger spheres
was confirmed by cryogenic (cryo) TEM measurements (Figure 3.9h), revealing diameters in
the range of 100 – 600 nm and a membrane thickness of approximately 20 nm. The observed
changes in morphology, from micellar to tubular and ultimately vesicular structures with
increasing length of the PI block, are in line with literature reports on other amphiphilic block
copolymer systems [216,217].
Besides changes in morphology, we observed a decrease in the amount of large vesicles in the
TEM images whilst increasing the PI/PEG (w/w) ratio from 1.99 to 4.52 (Figure 3.9c-g). This
finding was further supported by calculations of particle yields, which showed a close to linear
decrease with increasing length in PI (Figure 3.8b, Table 3.1). This finding could be explained
by the potential formation of aggregates during the vesicle preparation procedure, which is more
pronounced for longer hydrophobic blocks (Figure 3.4).
In a next step, we aimed at correlating these morphological data to the ability of the vesicles to
capture and retain the metabolite ammonia.
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Figure 3.9. Representative TEM images of the supramolecular assemblies of PI-b-PEG2000
polymers with different PI/PEG (w/w) ratios in phosphate buffer at pH 6.8 (scale bar set to 500
nm) (a-g). For more images see Figures S13-19. Cryo-TEM images (PI/PEG2000 1.99) (scale
bar: 300 nm) (h).

3.3.3 Ammonia capture by pH gradient PI-b-PEG polymersomes in phosphate buffer
The ability of pH gradient PI-b-PEG vesicles (pHinside = 2.0) to sequester ammonia was
investigated in side-by-side diffusion cells in the presence of phosphate buffer at pH 6.8 over
24 h (Figure 3.10a-c). In comparison to PI-b-PEG5000, ammonia capture capacity was
significantly higher for PI-b-PEG700 and PI-b-PEG2000 vesicles. However, almost all tested
vesicles seemed to reach a plateau within the first 2 to 4 h, followed by a slight reduction in
capture capacity towards longer times (24 h). This is most likely due to an increase in osmolarity
of the vesicle core after initial ammonia uptake resulting in a loss of entrapped ammonia over
time [23]. Plotting ammonia capture capacity after 24 h vs. PI/PEG (w/w) ratio revealed a
dependency on the length of the hydrophobic block, following a bell shaped curve distribution
(mainly for PI-b-PEG2000 and PI-b-PEG5000 systems) with increasing PI/PEG ratios (Figure
3.10d, Table S4). This behavior was most noticeable for the PI-b-PEG2000 series, and in
accordance with TEM experiments (Figure 3.9). The ammonia capture of the PI-b-PEG2000 was
directly correlated to the presence of the larger spherical structures. These were observed at
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PI/PEG (w/w) ratios above 0.84 and most pronounced at a ratio of 1.99 (Figure 3.9c), which
was also the polymer showing the highest ammonia capture capacity of all tested PI-b-PEG.
The subsequent decrease in capture at higher ratios could be ascribed to the aforementioned
decrease in vesicle concentration. Noteworthy, the ammonia uptake obtained with the polymer
having a PI/PEG (w/w) ratio of 1.99 (720 µmol NH3 per g polymer, Table S4) was similar to
that previously achieved with liposomes (~ 800 µmol g-1) [25]. Furthermore, the uptake
exceeded those reported for PS-b-PEG polymersomes (~ 500 µmol g-1) [25] and AST120 (~ 25
µmol g-1), a carbon microparticle based system, which has shown to lower ammonia levels in
vivo [218].

Figure 3.10. Ammonia capture capacity over time of PI-b-PEG polymersomes of the PEG 700
(a), PEG 2000 (b), and PEG 5000 (c) series (for clarity reasons error bars are only plotted for
the last data points). Ammonia capture capacity vs. PI/PEG (w/w) ratio after 24 h of incubation
(d). Data are presented as mean + SD for a-c and mean ± SD for d (n = 3). Statistics were
performed on the area under the capture capacity vs. time curve from 0 - 8 h (AUC0-8h) for a-c
(Tables S5-7).

In case of PI-b-PEG700 highest uptake of ammonia was obtained for PI/PEG (w/w) ratios of
1.9 - 5.8 (~ 450 µmol g-1). In contrast, ammonia capture was rather low for PI-b-PEG5000
(highest amount was 170 µmol g-1 for PI/PEG (w/w) 1.51). To investigate the effect of PI
hydrophobicity on the polymersome properties, the hydrogenated polymers (PI(H)-b-PEG)
were also tested for their ability to capture ammonia. These polymersomes yielded rather low
values (< 170 µmol g-1) (Figure 3.11, Table S2).
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Capture capacity (µmol NH3/g polymer)

To ensure that ammonia sequestration of PI-b-PEG vesicles was indeed occurring as a result of
the transmembrane pH gradient, a control experiment using vesicles having an internal pH of
6.8 was performed (Figure 3.11). As expected, ammonia capture was negligible, confirming
that encapsulation was driven by the pH gradient.
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Figure 3.11. Ammonia capture by polymersomes comprised of PI-b-PEG2000 (PI/PEG of
1.99) in the presence (same data as in Figure 3.10b), or absence of a pH gradient, and its
hydrogenated analogue in the presence of a pH gradient. Data are presented as mean ± SD (n =
3). Statistics were performed on the area under the capture capacity vs. time curve from 0 - 8 h
(AUC0-8h) (Table S8).

Figure 3.12. Representative fluorescence microscopy images of PI-b-PEG assemblies of PI-bPEG700, PI-b-PEG5000 and hydrogenated PI-b-PEG2000, loaded with pyranine (scale bar: 50
µm).

In order to confirm that vesicular structures of the supramolecular assemblies were obtained at
certain PI/PEG (w/w) ratios, encapsulation experiments in analogy to the optimization
procedure were carried out, using the hydrophilic, negatively charged dye, pyranine.
Experiments with PI-b-PEG700 indirectly revealed a high proportion of hollow structures
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(Figure 3.12), supporting the elevated ammonia capture values at high PI/PEG700 (w/w) ratios.
At the same time, supramolecular assemblies of PI-b-PEG5000 showed very little encapsulation
of the dye (Figure 3.12), indirectly confirming the low proportion of vesicular structures.
Particles prepared with hydrogenated polymers resulted in poor encapsulation of pyranine
revealing a low vesicle yield (Figure 3.12) and were not investigated further. It is to note, that
the solubility of hydrogenated polymers with PI(H) blocks exceeding 4000 g mol-1 was limited
in DCM resulting in highly viscous solutions at concentrations ≥ 30 mg mL-1, rendering particle
formation difficult. This was most likely caused by the decreased polarity of PI(H) chains as
compared to PI.
Since the PI-b-PEG2000 amphiphiles yielded vesicles with the highest capture capacity, these
polymers were selected for further experiments.

3.3.4 Ammonia capture in simulated intestinal fluid and mimicked colon environment
One of the main challenges related to the oral administration of phospholipid vesicles
(liposomes) are their degradation by GI lipases and destabilization by intestinal surfactants (i.e.,
bile salts) [219]. As PI-b-PEG is not biodegradable, vesicles made from this polymer would not
be digested by GI enzymes. To assess ammonia capture capacity by the vesicles in the presence
of bile salts, the assay buffer was supplemented with cholate, deoxycholate, and taurocholate
at high concentrations (30 mM each) to simulate intestinal fluid. The concentrations used
exceed what is typically found in GI fluids by a factor of 2 [220], and were reported to not only
destabilize liposomes [221] but also vesicles comprised of the amphiphilic diblock
poly(butadiene)-b-PEG in vitro [25]. Vesicles prepared with the lead polymer (PI-b-PEG2000,
PI/PEG (w/w) of 1.99) were able to take up ammonia in bile salt-supplemented medium,
showing a decrease of only ~ 25% in capture after 24 h compared to the experiment performed
in phosphate buffer (540 µmol g-1 in bile salt vs. 720 µmol g-1 in phosphate buffer) (Table S4).
Although the overall ammonia uptake by the vesicles was reduced due to the presence of the
intestinal surfactants, ammonia capture plateaued after 2 to 4 h (Figure 3.13a-b), as was also
observed for vesicles in phosphate buffer. Plotting ammonia capture capacity after 24 h vs.
PI/PEG (w/w) ratio revealed the same bell-shaped curve profile as seen in phosphate buffer,
although with slightly reduced uptake values (Figure 3.13c).
During transit of the polymersomes through the GI tract, the external medium in which they are
suspended becomes dehydrated, due to the absorption of water in the colon [222]. Such an
environment may further destabilize the vesicles [25]. In order to evaluate the performance of
PI-b-PEG polymersomes in a simulated colon environment, the two polymersome formulations
(PI-b-PEG2000, PI/PEG (w/w) 1.99 and 2.30) showing the highest ammonia capture in bile saltsupplemented medium were further tested in dietary fiber (Metamucil®)-based hydrogels
containing 50% water [25]. In this partially dehydrated medium, ammonia uptake was abolished
for both vesicles (Figure 3.13d). These results are in accordance with a previous report,
showing the destabilization of the PS-b-PEG polymersomal bilayer, and loss of the pH gradient
in this medium partially mimicking conditions in the colon [25].
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Figure 3.13. Ammonia capture capacity over time of PI-b-PEG2000 polymersomes (PI/PEG
(w/w) ratio of 1.99) in phosphate buffer and simulated intestinal fluids (with bile salts) (a).
Ammonia capture by vesicles prepared with PI-b-PEG2000 polymers in simulated intestinal
fluids over time (b). Ammonia capture capacity vs. PI/PEG (w/w) ratio of PI-b-PEG2000
polymersomes in phosphate buffer and simulated intestinal fluids (with bile salts) (c). Ammonia
capture capacity of PI-b-PEG2000 polymersomes (PI/PEG (w/w) ratio of 1.99 and 2.30) after a
24-h incubation in media containing different concentrations of dietary fiber (Metamucil ®) at
pH 6.8 and 37 °C (d). Data are presented as mean ± SD (n = 3) for (a and c) and mean + SD (n
= 3) for (b and d). Statistics were performed on the area under the capture capacity vs. time
curve from 0 - 8 h (AUC0-8h) for (a and b) (Tables S8-9) and on the 24 h capture capacity values
for (d) (Table S10).

3.3.5 Increasing stability of polymersomes in the environment of the colon by polymeric
crosslinking
In the past, polymeric crosslinking has been reported to stabilize both PI-b-PEG liposomes, and
micelles [202,223]. Therefore, we decided to investigate whether crosslinking of the residual
olefinic bonds in the PI block would enhance vesicle stability (Figure 3.14a) in the environment
of the colon. Each isoprene unit bears one olefinic bond, which can be used for further chemical
modification [224,225] or crosslinking [226,227]. UV-triggered crosslinking was performed by
mixing different amounts of the photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2methylpropiophenone with PI-b-PEG2000 vesicles for 6 h under UV exposure. After the
crosslinking process, vesicles were insoluble upon lyophilization and resuspension in organic
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solvents, such as DCM (Figure S20). Conventional TEM and cryo-TEM experiments of the
crosslinked vesicles confirmed that the vesicular structure was maintained, showing diameters
and membrane thickness (~ 20 nm) (Figure 3.14b-c) similar to the native vesicles (Figure 3.9c
and h). Hence, the crosslinking step did not affect vesicle morphology.

Figure 3.14. Schematic representation of the crosslinking reaction (a). Representative TEM (b,
scale bars: 500 nm) and cryo-TEM images (c, scale bars: 300 nm) of PI-b-PEG2000 vesicles
(PI/PEG 1.99) after crosslinking.

Subsequently, we investigated the ammonia capture capacity of crosslinked PI-b-PEG2000
vesicles (PI/PEG (w/w) 1.99). In phosphate buffer, the uptake decreased with increasing
concentration of crosslinker, levelling out at a concentration of 2 mM (Figure 3.15a). This was
most likely due to a decrease in permeability of the bilayer membrane after crosslinking. In
order to minimize this effect, a concentration of 1 mM of crosslinker was chosen and ammonia
capture was tested under partially dehydrated conditions to mimic colon environment. After
incubation in 50% dietary fiber (Metamucil®)-based medium for 24 h, ammonia capture was at
200 µmol g-1 (Figure 3.15b). Hence, crosslinked vesicles proved to be far superior to their noncrosslinked analogues in this environment, preserving approximately 35% of their capture
capacity in phosphate buffer. Furthermore, uptake values were significantly higher than those
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reported for PS-b-PEG polymersomes [25], which did not show significant capture after
incubation in dietary fiber-based medium.

Figure 3.15. Ammonia capture capacity of crosslinked PI-b-PEG2000 polymersomes (PI/PEG
(w/w) ratio of 1.99) in phosphate buffer after 24 h (a). Ammonia capture capacity of native and
crosslinked PI-b-PEG2000 (PI/PEG 1.99) polymersomes after a 24-h incubation in medium
containing different concentrations of dietary fiber (Metamucil®) at pH 6.8 and 37 °C (b). Data
are presented as mean + SD (n = 3). Statistics were performed on the 24 h capture capacity
values (Tables S10-11).

3.4 Conclusion
In summary, we reported the synthesis of a range of PI-b-PEG amphiphiles and their
hydrogenated analogues, employing nitroxide-mediated polymerization. Several PI-b-PEG
polymers, especially PI-b-PEG2000, were able to self-assemble into vesicular structures and
were found to display superior ammonia uptake than other vesicular systems investigated for
GI delivery to-date. We discovered that ammonia capture capacity is highly dependent upon
the PI/PEG (w/w) ratio of the polymersomes. The best polymer was PI-b-PEG2000 with a PI/PEG
ratio of 1.99, which produced polymersomes in high yields. The function and integrity of
polymersomes could be further increased through polymeric crosslinking. The latter proved
quite important because although PI-b-PEG vesicles showed a quite preserved ammonia capture
capacity in simulated intestinal fluids (bile salts), they readily destabilized under conditions
mimicking colonic environment. Olefinic bond crosslinking increased vesicle stability in this
environment, preserving roughly 35% of the ammonia capture capacity of the polymersome in
phosphate buffer. This illustrates the potential for crosslinking as a key to maintaining vesicular
stability within the colon. The PI-b-PEG polymersomes presented in this study hold great
promise for the development of a stable and efficient oral biodetoxification system.
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4.1 Introduction
Trimethylaminuria, also known as the “fish odor syndrome”, is a genetic disorder related to the
excretion of elevated levels of the foul-smelling odorant trimethylamine, making sufferers
secrete an odor resembling that of rotten fish. While hundreds of cases have been reported in
literature in the past decades, the number of affected individuals is largely unknown since this
condition is considered widely undiagnosed [72,73]. Incidence rates of heterozygous carriers
are suggested to be in the order of 1% in the white British population, and are assumed to be
higher in other ethnic groups [74].
The smell of TMA, a highly volatile tertiary amine, is readily detectable by humans at levels as
low as the µg L-1 range [68]. It is primarily produced by the intestinal breakdown of dietary
precursors by colonic bacteria, the vast majority being choline, carnitine, and TMA N-oxide
[115]. After entering systemic circulation, TMA is oxidized in the liver by the enzyme flavincontaining monooxygenase 3 to the non-odorous N-oxide, which is subsequently excreted in
the urine. TMAU is caused by an inherited deficiency secondary to mutations in this enzyme,
yielding a dysfunctional metabolism of TMA. So far more than 30 sequence variants of the
FMO3 gene have been reported to cause the disease [228]. Deficient oxidation of the metabolite
results in increased systemic levels of TMA, which is excreted through sweat, breath, urine,
and other bodily secretions, resulting in an offensive fish-like body odor.
Although the condition appears to be of little medical concern, it can be devastating from a
psychosocial perspective. Literature refers to a range of psychological responses, including
signs of mental depression and even suicidal tendencies in some cases [76,77]. Currently there
is no treatment for TMAU, but only preventive measures, such as dietary restrictions of TMA
precursors and frequent washing with acidic soap [78,79]. Dietary restrictions can be
problematic especially since choline is vital in the formation of essential membrane
phospholipids in humans [229]. There are various reports studying the use of antibiotics to
deplete the microorganisms responsible for TMA generation in the large intestine, but most are
inconclusive and only refer to small numbers of patients [98,138]. In addition, chronic antibiotic
therapy might have a negative impact on the patients’ gut microbiota and contribute to antibiotic
resistance [20,21]. To address this unmet medical need and improve the patients’ quality of life,
the development of novel treatment approaches is of high urgency.
One approach, that has so far not been tested for the treatment of TMAU encompasses the
sequestration of TMA into vesicular structures. The low molecular weight and basic character
(pKa = 9.80) [67] of TMA make this metabolite suitable for uptake into transmembrane pHgradient vesicles (Figure 4.1). The underlying principle is the rapid diffusion of the nonprotonated amine species across the membrane and its subsequent protonation inside an acidic
core, trapping it within the vesicle lumen. Our group has previously shown that liposomal
carriers bearing a pH gradient could efficiently [22] and in a relatively selective fashion [230]
capture the smaller metabolite ammonia in the peritoneal space. This system lowered systemic
ammonia and brain edema when applied via peritoneal dialysis in bile-duct ligated rats, a model
of hyperammonemia [24]. However, in more hostile environments, liposomal formulations can
be readily destabilized and release their content [25].
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Figure 4.1. Capture of the basic metabolite TMA via transmembrane pH gradient
polymersomes and chemical structure of PI-b-PEG.

In the last decades, polymeric vesicles (i.e. polymersomes) have emerged as synthetic
analogues of liposomes, drawing considerable attention in the scientific community [26]. Being
made up of synthetic amphiphiles, these vesicular systems are often claimed superior to
liposomes both in tunability and stability [27,231]. Polymersomes are currently investigated in
a variety of applications such as drug delivery [52,232], imaging [53], and as nanoreactors [54]
amongst others. In a recent study, polymeric vesicles comprising the amphiphilic diblock
poly(styrene)-block-poly(ethylene glycol) were shown to effectively capture ammonia in
solutions simulating the intestinal fluids, whereas liposomes were destabilized under these
conditions [25]. However, due to the high glass transition temperature of the PS block (T g =
105–109 °C) [55], this polymersome system was characterized by rather slow uptake kinetics
for larger NH3 analogues [233]. Restricted diffusion across the glassy polymersome membrane
might play a critical role in these observations.
To address this issue, we hypothesized that a polymersome system, consisting of an amphiphile
with a hydrophobic block of rather low Tg might accelerate and conclusively increase the
diffusion of TMA across the membrane, allowing its application for the symptomatic treatment
of TMAU. In order to verify this hypothesis, we selected poly(isoprene)-b-PEG as amphiphile
(Tg,PI = -69 – -64 °C) [56].
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4.2 Materials and Methods
4.2.1 Materials
Styrene, sodium hydroxide, ammonium chloride, potassium dihydrogen phosphate, aluminium
oxide (basic), tridosium citrate dihydrate, hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(pyranine) phenol nitroprusside solution, and alkaline hypochlorite solution were purchased
from Sigma Aldrich (Steinheim, Germany). CopperI bromide was supplied by Alfa Aesar
(Kandel, Germany). Sodium chloride and citric acid monohydrate were purchased from Fisher
Scientific (Leicester, U.K.). Trimethylamine and 4,4’-dinonyl-2,2’-dipyridyl were obtained
from TCI (Zwijndrecht, Belgium). Hydroxyethyl cellulose 5000 was obtained from Hänseler
AG (Herisau, Switzerland). Solvents were obtained from VWR, Fisher Scientific, Acros, and
Sigma Aldrich.
PEG2000-Br was synthesized as described in Chapter 3 section 3.2.2. PI-b-PEG polymers were
synthesized by NMP as described in Chapter 3 section 3.2.2.

Polymerization of styrene
PEG2000-Br macroinitiator (2.0 mmol) was loaded in a flame-dried Schlenk flask, along with
copper bromide (CuBr, 3.0 mmol) and 4,4’-dinoyl-2,2’-dipyridyl (2.64 mmol) as the catalyst
and ligand, respectively. The Schlenk flask was evacuated and refilled with argon for several
cycles to remove oxygen. In a separate flask, styrene (100 mmol, 11.5 mL) was deoxygenated
by argon bubbling for 0.5 h, and then loaded in the Schlenk flask. The mixture was then heated
at 115 °C during 16 h and the solution containing the black product was dissolved in THF,
filtered through a basic alumina column and precipitated twice in hexane. The precipitate was
collected and dried under vacuum.
NMR (400 MHz, acetone-d6) δ 7.15-6.48 (m, 5H per St unit, -C6H5), 3.42-3.78 (m, 182H,
-CH2CH2O), 3.31 (s, 3H, -OCH3), 1.96-1.62 (m, 3H per St unit, -CH2CH- and 6H, -C(CH3)2).
Mn,NMR = 4100 (PI) – 2000 (PEG), Mn,GPC = 6300, Đ = 1.43.
1H

4.2.2 Polymer characterization
PI-b-PEG polymers were characterized previously (Chapter 3). PS-b-PEG polymers were
characterized by 1H NMR spectroscopy and size exclusion chromatography. 1H NMR spectra
were recorded on an AV-400 400 MHz spectrometer (bruker, Billerica, MA) at room
temperature, using acetone-d6 as solvent. Chemical shifts are reported in ppm and were
adjusted to the corresponding solvent peak. Size exclusion chromatograms were obtained on a
Viscothek TDAmax system (Viskotek, Houston, TX) equipped with a differential refractive
index detector (TDA 302, Viskotek) and two ViscoGEL columns (GMH HR-M, poly(styreneco-divinylbenzene)), using tetrahydrofurane as organic phase. Samples were dissolved in THF
and measured at a flow rate of 0.5 mL min-1. Results were obtained by comparison to a
poly(methyl methacrylate) standard curve (2500 – 89,300 g mol-1) (PSS polymer, Mainz,
Germany).
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4.2.3 Polymersome preparation
Polymers (PI-b-PEG or PS-b-PEG) were dissolved in DCM (30 mg in 100 μL) and added to 1
mL sodium chloride-containing citrate buffer (250 mM citric acid, pH = 2, 300 mOsmol kg -1)
dropwise, whilst sonicating for 1 min at amplitude 5% using a FB-705 sonic dismembrator
(Thermo Fisher Scientific, Waltham, MA). The sample was cooled with an ice bath during this
process. Excess solvent was removed in vacuum (7 min, 40 °C, 65 kPa).
Encapsulation of pyranine. In case of pyranine containing samples, vesicles were prepared as
mentioned above, using a citrate buffer containing 10 mM of pyranine. Free pyranine was
removed using PD Miditrap G-25 size exclusion columns (GE healthcare, Uppsala, Sweden),
applying the following protocol: after conditioning the column with citrate buffer, 200 µL of
sample were applied. Eight hundreds µL of citrate buffer, followed by another 600 µL were
added, of which the latter was collected.
Polymersome samples were stored for up to 4 d post preparation at 4 °C.

4.2.4 Polymersome characterization
Polymer concentration
Polymer concentrations in the polymersome suspensions were determined by lyophilization of
75 µL of sample, subsequent dissolution in 1 mL of THF, and measurement by SEC. Peak
integrals were compared to those of a subset of standards of the polymer used to obtain the
polymersomes (0.1, 0.2, 0.5, 1, and 2 mg mL-1).
Size measurements
Hydrodynamic diameters were determined by dynamic light scattering on a DelsaNano
(Beckman Coulter, Indianapolis, IN) using the cumulant method. For samples exceeding a
diameter of 800 nm, additional measurements using laser diffraction were performed on a
Malvern MasterSizer2000 (Malvern Instruments, Malvern, UK), reporting results as volume
distribution.
Electron microscopy measurements
Samples were analyzed in the same conditions used in the capture experiments at pH 5.8.
Cryo TEM. Five µL of each sample was applied to a gold grid covered by holey gold film
(UltrAuFoil 2/1 Quantifoil Micro Tools GmbH, Jena, Germany) and excess of liquid was
blotted automatically between two strips of filter paper. Subsequently, the samples were rapidly
plunged into liquid ethane (cooled to ~ 180 °C) in a cryobox (Carl Zeiss NTS GmbH,
Oberkochen, Germany). Excess ethane was removed with a piece of filter paper. The samples
were transferred immediately with a Gatan 626 cryo-transfer holder (Gatan, Pleasanton, CA)
into the pre-cooled cryo-electron microscope (Philips CM 120, Eindhoven, Netherlands)
operated at 120 kV and viewed under low dose conditions. The Images were recorded with a
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2k CMOS Camera (F216, TVIPS, Gauting, Germany). In order to minimize the noise, four
images were recorded and averaged to one.
Cryo SEM. The samples were enclosed between 0.1-mm thick copper profiles, as performed
in the sandwich double-replica technique and cryo-fixed by rapid plunge-freezing in a liquid
(1 : 1) ethane–propane mixture cooled by liquid nitrogen. The samples were quickly transferred
to the freeze-fracture unit ACE900 (Leica, Wien, Austria) at -150 ℃ and fractured. The
revealed fracture plane was sublimed at -100 °C for 5 min. After that samples were shadowed
under 45° with 2 nm platinum/carbon, stabilized by deposition of 3 nm pure carbon under 90°
and transferred with the VCT100 Shuttel (BAL-TEC, Balzers, Liechtenstein) in a pre-cooled (140 °C) field emission scanning EM (LEO1530, Zeiss, Germany). Images were recorded with
in-lens detector at 4−6 kV.
Freeze fracture replica TEM. Aliquots of the sample were enclosed between 0.1-mm thick
copper profiles, as performed in the sandwich double-replica technique. The sandwiches were
physically fixed by rapid plunge-freezing in a liquid ethane-propane (1:1 v/v) mixture cooled
by liquid nitrogen. Freeze-fracturing was performed in a BAF 400 T freeze-fracture unit (BALTEC, Balzers, Liechtenstein) at -150 ℃ using a double replica stage. The fractured samples
were shadowed under 35° with 2 nm platinum/carbon and stabilized by deposition of 20 nm
pure carbon under 90° for replica production. Replicas were cleaned with chloroform/methanol
(50:50 v/v) and viewed with a transmission electron microscope (TEM, Point-Electronik, EM
900, Germany) operated at 80 kV. The Images were recorded with the 2k-CCD -Camera (TRS
Tröndle, Germany).
Rheological measurements
Viscosity measurements were performed using a HAAKE RheoStress 600 rotational rheometer
(Thermo Electron Corporation, Waltham, MA) with cone and plate geometry (35 mm/2°).
Viscosity was determined at a temperature of 37 °C, applying an increasing shear rate of 1 to
100 s-1 in the first minute, keeping it at 100 s-1 the following minute, and decrease back to 1 s-1
within a minute. Data was analyzed by RheoWin Data Manager (Thermo Electron Corporation,
Waltham, MA, USA).

4.2.5 In vitro uptake assays
TMA/ammonia uptake in phosphate buffer. Uptake experiments of PI-b-PEG (or PS-b-PEG)
polymersomes were conducted in side-by-side diffusion cells (PermeGear, Hellertown, PA) as
described elsewhere [230]. Briefly, two 3.4-mL chambers, separated by a 0.1-µm polycarbonate
membrane filter, were prepared by mixing 2.8 mL of sodium chloride-containing phosphate
buffer at chosen pH (5.8 or 6.8) (60 mM in phosphate, 300 mOsmol kg-1) and 2 M NaOH (125
µL for pH 5.8, 145 µL for pH 6.8) in each chamber, to neutralize the citrate buffer that was
added in the subsequent step and ensure a final pHout of 5.8 or 6.8). Polymersome suspension
in citrate buffer (400 µL, 10.2 mg mL-1) and 400 µL of sodium chloride-containing citrate buffer
(250 mM citric acid, pH = 2, 300 mOsmol kg-1) were added to the receptor and donor cells,
respectively. Water was added to obtain the final volume of 3.4 mL in each cell. After
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incubation at 37 °C for 15 min, 25.5 µL of a 100-mM TMA (NH4Cl) solution were added to
both chambers to start the capture experiment. Samples (50 µL) were drawn at regular time
intervals from the donor cell. The TMA content was determined as described previously with
minor modifications [105]. In short, 50 µL calibrator or TMA-samples were mixed with 50 µL
internal standard and 900 µL of liberation solution (2 M NaOH / 0.5 M KCl) in a 20-mL
headspace vial and capped directly. Calibration was performed using single point calibration at
500 µM. Ammonia concentration of samples was determined with the Berthelot assay [25].
Ammonia and TMA competition experiment. The competition experiment was conducted in
the same fashion as the TMA capture experiment, adding a 10-time excess of NH4Cl (7.5 mM)
with respect to TMA.
Hydrogel formulation and TMA capture. Hydroxyethyl cellulose (HEC) (4.0 g) was weighed
into a 50-mL cream container and 46 g of sodium chloride-containing phosphate buffer mixture
were added (60 mM, pH = 5.8, 300 mOsmol kg-1). The mixture was blended using an Unguator
Q device (Gako International, Schesslitz, Germany). Immediately after mixing, 9 g of
polymersome suspension (16 mg mL-1) in citrate buffer were added to 10 g of the freshly
prepared gel. NaOH 10 M was added to reach a final pH of 5.8, and then milliQ water was
added to reach a total weight of 20 g. The ingredients were manually mixed and stored at 4 °C
for 2 days to obtain the final hydrogel formulation. Polymersome-free gel was prepared the
same way, employing citrate buffer without the polymersomes. TMA capture of PI-b-PEG
hydrogels was investigated in Franz cells (PermeGear), separating buffer and sample chamber
using a 0.1-µm polycarbonate membrane filter. Approximately 1 g of gel formulation was
added to the sample chamber. After addition of sodium chloride-containing phosphate buffer
(60 mM in phosphate, pH = 5.8, 300 mOsmol kg-1), 0.75 mM in TMA, capture was evaluated
at 37 °C, drawing samples of 50 µL at regular time intervals.
Stability assessment of pH gradient in HEC gel. The stability of the pH gradient of the
polymersomes in the hydrogel matrix was assessed by encapsulation of pyranine into the
vesicles as described above, and subsequent preparation of the vesicle containing hydrogel
(pHinside = 2.0, pHoutside = 7.0). Fluorescence excitation spectra (λem 515 nm) were recorded and
subsequent comparison of the intensity ratio beween λexc 455 nm (maximum pH dependency)
and λexc 416 nm (isosbestic point) to those of a series of pyranine solutions (20 µM) at set pH
values was performed over time.

4.2.6 Olfactory study
The protocol for the olfactory study was approved by the Research Ethics Committee of ETH
Zurich (EK 2018-N-74).
A total of 16 volunteers were recruited (4 males, 12 females, ages 23–43) from the Institute of
Pharmaceutical Sciences at ETH Zurich. Volunteers were fulfilling the following requirements:
they were neither smokers nor allergic nor having frequent colds. They were not consuming
any food or beverages other than water 2 h prior to testing. They were not using perfume,
deodorant, cologne, or other fragrance cosmetics 12 h prior to the test. The test was performed
in a well ventilated room.
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Threshold testing. The objective was the determination of the detectable concentration range
of TMA in the conditions used in the subsequent study. A range of solutions of TMA in sodium
chloride-containing phosphate buffer (60 mM, 300 mOsmol kg-1) at pH 5.8 was prepared,
starting at a concentration of 15 µM, equaling ~ 1 mg L-1, increasing twofold every step. The
samples (5 mL) were prepared in 50 mL sealable glass containers, incubated at 37 °C for 30
min, and only opened prior to testing. Volunteers were asked to smell and evaluate these
solutions, starting at the lowest concentration. After evaluation of the sample, a break of 2 min
was taken before evaluating the next sample. This procedure was repeated at the point that
volunteers were able to detect a smell (detection threshold). After a 5-min break, the next
sample was evaluated. This procedure was repeated until volunteers were able to clearly
recognize (recognition threshold) the distinctive smell of TMA.
Evaluation of PI-b-PEG formulation. This part of the study was conducted in a randomized
double blind fashion. Each volunteer was asked to smell two buffer controls (negative and
positive) to calibrate the olfactory system for the subsequent evaluation of 15 samples, which
were provided in a randomized fashion. In between samples, a break of 10 min was taken to
ensure recovery of the olfactory receptors. The 15 samples consisted of 5 sets of triplicates,
including a negative buffer control, a positive buffer control, a pure HEC gel (Gel), a vesicle
containing gel without pH gradient (Gel-Ves), and a gel containing vesicles with a pH gradient
(Gel-pH-Ves). In all cases, except the negative control, artificial skin substrates (VitroSkin,
IMS, Bunnell, FL) were incubated in a phosphate buffer (60 mM, 300 mOsmol kg-1, pH 5.8),
containing 1 mM in TMA for 3 h. For the negative control, a phosphate buffer not containing
TMA was used. After incubation skin substrates were placed on glass slides, which were placed
in 50 mL flacon tubes, sealed, and subsequently incubated for 30 min at 37 °C. In case of the
three HEC formulations, 200 mg of gel were applied on the skin substrate after incubation in
TMA containing phosphate buffer. Volunteers were asked to rate samples on a scale of 1 to 10,
where 1 equaled the negative and 10 the positive buffer control.

4.2.7 Statistical analysis
Statistical analysis was carried out using GraphPad Prism (version 8.2.0). In case of the
olfactory study, the groups were compared using a one-way ANOVA (Tukey’s test, paired),
assuming normal distribution of the data. Estimation graphics were plotted using the DABEST
Python package in Python 3.6.[234] In case of TMA and ammonia in vitro capture assays,
statistical analysis was performed on the area under the uptake vs. time curve for the first 4 h
(AUC0-4h). Multiple groups were compared using a one-way ANOVA (Tukey’s test, unpaired),
whereas groups of two were compared using an unpaired t test.

4.3 Results and Discussion
4.3.1 Vesicle formation
Polymers with PI/PEG2000 (w/w) ratios varying between 1 and 4 (synthesized via nitroxidemediated polymerization in Chapter 3) were used to obtain vesicles, employing an optimized
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emulsification procedure (developed in Chapter 3) (Table 4.1). The polymersomes were
characterized by dynamic light scattering as well as laser diffraction measurements.

Table 4.1. Characteristics of PI-b-PEG amphiphiles and polymersomes prepared by the
emulsification method under optimized conditions.
PI/PEG
[w/w]

Ð

Mn
[g mol-1] a)

Mn
[g mol-1] b)

d
[nm] c)

1.32

4600

11,100

1.25

240

1.99

6000

13,700

1.28

*

7.33

1.63

2.30

6600

14,400

1.30

*

5.10

1.11

2.90

7800

16,700

1.25

*

8.52

2.43

3.62

9200

19,600

1.27

*

2.79

0.86

b)

PDI

c)

0.26

d
[μm] d)

d)

n.d.

Calculated by 1H NMR spectroscopy (Chapter 3), b) Measured by SEC in THF (Chapter 3),
DLS, polydispersity index (PDI), d) Obtained by LD, * Diameter > 800 nm; n.d.: not detectable.
a)

Span

c)

Obtained by

Figure 4.2. Cryo-TEM images (a, scale bars set to 200 nm) and cryo-SEM images (b, scale
bars set to 1 µm) of PI-b-PEG vesicles (PI/PEG 1.99). Giant vesicles are indicated with arrows.

Most vesicles exhibited diameters in the lower micrometer range, which was desirable to
prevent any penetration of polymersomes across the skin or mucosa. Size, morphology, and
vesicular structure were analyzed by electron microscopy measurements (Figure 4.2). Whilst
confirming the vesicular structure, cryo-TEM as well as cryo-SEM experiments revealed the
majority of polymersomes to exhibit smaller sizes (100-600 nm), which is possibly due to
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overestimation of larger structures by LD (volume distribution) and the fact that the LD analysis
does not allow for a differentiation between individual and aggregated vesicles. Further, we
evaluated the stability of the ester bond connecting the two polymer blocks towards hydrolysis
by SEC, after one month of storage in citric acid buffer (pH = 2.0) at 4 °C (Figure S21). Only
a slight change at higher retention volumes could be observed, which might however be related
to the presence of residual citric acid.

4.3.2 TMA capture in solution

Figure 4.3. TMA capture over time for transmembrane pH-gradient PS-b-PEG (PS/PEG 2.15)
and PI-b-PEG (PI/PEG 2.30) polymersomes (a). TMA capture over time for vesicles prepared
from the various PI-b-PEG amphiphiles at pH 5.8 (b). Uptake capacity measured over 24 h
incubation as a function of PI/PEG weight ratio (c). TMA capture over time for PI-b-PEG
(PI/PEG 1.99) in the presence and absence of a pH gradient (d). Data are represented as means
± SD (n=3). For panels a, b, and d statistics were performed on the AUC0-4h (Table S12).

We subsequently investigated the ability of the polymersomes suspensions to sequester TMA
in vitro using side-by-side diffusion cells [230]. The experiments were initially performed using
previously reported conditions [233] at pH 6.8 to confirm that the uptake kinetics of PI-b-PEG
polymersomes (inner pH 2.0) would be improved vs. PS-b-PEG. Both polymers had equivalent
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PEG (2000 g mol-1) and similar hydrophobic/hydrophilic weight ratios (PI-b-PEG 2.30, PS-bPEG 2.15). Polymersomes comprised of PI-b-PEG did indeed exhibit faster TMA uptake
kinetics (initial slope of 230 µmol g-1 h-1 vs. 60 µmol g-1 h-1 in the first 2 h) and higher
encapsulation efficiency (530 µmol g-1 vs. 240 µmol g-1 after 24 h) as compared to those made
of PS-b-PEG (Figure 4.3a). The enhanced performance of PI-b-PEG vesicles might be related
to the lower Tg of the polyisoprene block, allowing for faster diffusion of TMA across the
bilayer membrane. In both cases, a slight decrease in capture capacity after 24 h could be
observed, likely related to the leakage of TMA following an increase of the inner core
osmolarity [23].
Since a major part of TMA in patients is secreted in the form of sweat, a topical application of
a hydrogel containing PI-b-PEG polymersomes with a pH close to that of human skin (pH 5.8)
[235] was considered as a potentially suitable option for the symptomatic treatment of TMAU.
We therefore conducted additional uptake experiments with polymersome suspensions at pH
5.8 (Figure 4.3a). Under these conditions, the overall capture of TMA was 50% lower than at
pH 6.8, likely due to the reduction of the pH gradient. Nonetheless, the uptake kinetics remained
fast, showing an initial slope of 120 µmol g-1 h-1 vs. 230 µmol g-1 h-1 within the first 2 h,
followed by a plateau.

Table 4.2. Solubility parameters of TMA, ammonia and PI. Values were calculated using the
Hoy group contribution (group values were obtained from literature [236]).
δ (MJ/m3)1/2
TMA

17.4

NH3

31.9

PI

18.0

Δ(PI, TMA)

0.6

Δ(PI, NH3)

13.9

At pH 5.8, PI-b-PEG polymersomes with a PI/PEG ratio of 1.99 exhibited the highest TMA
capture (392 µmol g-1 after 24 h, corresponding to 31 % of total TMA) as compared to all other
PI/PEG weight ratios tested (Figure 4.3b). This is also seen in Figure 4.3c when plotting the
TMA capture capacity at various time points as a function of the PI/PEG ratio. Considering that
for a given polymer mass, only the polymer present in the form of polymersomes can contribute
to TMA capturing, these results indicate that the fraction of polymer in the form of
polymersomes increases with the PI block length for PI/PEG ratios up to 1.99 and decreases
again for higher ratios, most likely due to more pronounced polymer aggregation in the latter
case (as was already observed in Chapter 3). Due to its superior TMA capture capacity, all
subsequent experiments were carried out using the polymer with a PI/PEG ratio of 1.99. To
ensure that TMA capture was indeed driven via the transmembrane pH gradient, we performed
a control experiment with polymersomes having the internal pH adjusted to 5.8 (no gradient)
(Figure 4.3d). Surprisingly, the TMA capture of these polymersomes still reached
approximately 40% of that of the pH gradient system. Such an effect was not observed with
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ammonia (Figure 4.4a). We suspect that this may be related to the compatibility of
unprotonated TMA with the PI membrane. In fact, calculation of solubility parameters for TMA
and PI provided almost identical values with a difference of only 0.6 (MJ m -3)½ (Table 4.2),
indicating miscibility of the 2 components [236]. For ammonia the difference in solubility
parameters was of 13.9 (MJ m-3)½, largely above 5 (MJ m-3)½, suggesting unfavorable
interactions.

Figure 4.4. Ammonia capture over time for PI-b-PEG (PI/PEG 1.99) in the presence and
absence of a pH gradient (a). TMA capture over time in the presence of 10-fold excess NH3
(b). Data are represented as means ± SD (n=3). For panel a statistics were performed on the
AUC0-4h (see Table S12).

As the formulation is intended to be applied on the skin, where ammonia is also present [237],
we performed a competitive uptake experiment in buffer containing both ammonia and TMA
(10:1 molar ratio). An uptake kinetic in favor of ammonia (which is more abundant than TMA)
would bear the risk of rapidly exhausting the gradient, thereby impairing the capture of TMA
despite the higher pKa value of the latter (pKa 9.8 vs. 9.25 for ammonia) [13]. As shown in
Figure 4.4b, although ammonia was preferentially taken up, TMA capture reached 60% of the
level achieved without ammonia.

4.3.3 Preparation of hydrogel formulation
Following the above TMA capture experiments for polymersome suspensions in aqueous
buffer, we moved to the incorporation of polymersomes in hydrogel formulations. To obtain a
hydrogel, hydroxyethyl cellulose was used as a thickening agent, given its presence in several
commercial pharmaceutical dosage forms. A HEC content of 2% was selected, resulting in
optimal texture and spreadability characteristics for topical administration. The formulations
comprising a higher mount of HEC (4% and 8%, Figure S22) proved noticeably more viscous
and difficult to handle. Stability of the vesicular structures in the gel matrix was confirmed by
freeze fracture replica TEM, showing structures similar to those obtained in solution (Figure
4.5a). Vesicles seemed to form aggregates in the gel matrix, which was also confirmed by cryo68
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SEM measurements (Figure 4.5b), most likely as a result of the manual mixing process when
producing the formulation. However, the incorporation of the polymersomes in the gel at a
concentration of 7.21 mg mL-1 did not have a major impact on its rheological behavior, with
only a slight increase in viscosity (Figure 4.5c).

Figure 4.5. Freeze fracture replica TEM of PI-b-PEG polymersomes (PI/PEG 1.99) in the
hydrogel matrix (top) and of the vesicle-free HEC gel (bottom), scale bars are set to 500 nm
(a). Cryo-SEM image of PI-b-PEG polymersomes (PI/PEG 1.99) in the hydrogel matrix. Scale
bar is set to 0.5 µm (b). Rheological profiles of control HEC gel and HEC gel containing the
polymersomes (PI/PEG 1.99) (c).

In order to mimic the in vivo conditions following a topical administration of the gel containing
polymersomes, we assessed TMA capture with Franz diffusion cells (Figure 4.6a). The control
formulation containing no polymersomes decreased the TMA concentration in the donor
compartment due to the diffusion of TMA into the hydrogel. However, the TMA uptake was
significantly higher and faster with the polymersome-containing gel, capturing the majority of
TMA within the first 30 min. At 4 h, a capture capacity of 200 ± 50 µmol TMA g -1 polymer,
upon correction for TMA diffusion, was measured (Figure S23) (2.2 fold lower than the results
obtained for the polymersome suspensions in side-by-side diffusion cells, Figure 4.3b). This
reduced uptake might be attributed to the fact that in Franz cells, the receptor compartment is
not stirred and thereby the diffusion of TMA is slower. To evaluate stability of the pH gradient
in the gel matrix, we prepared a gel (pHout = 7.0) with polymersomes containing pyranine in
their acidic lumen (pHin = 2.0). The fluorescence spectrum of pyranine is known to be pH
dependent, wherefore stability of the gradient can be monitored by following the fluorescence
excitation spectrum over time. Comparison of the ratio of the wavelengths at maximal pH
dependency (455 nm) and the isosbestic point (416 nm) to those of the free dye at set pH values
can be used to determine a change in pH (Figure S24). In case of the hydrogel, the ratio
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remained constant over 4 h at 37 °C, at a value equivalent to the inner pH of the vesicles,
indicating stability of the pH gradient (Figure 4.6b).

Figure 4.6. TMA capture of PI-b-PEG HEC hydrogel (Gel-pH-Ves) and HEC hydrogel (Gel)
at pH 5.8 (a). Fluorescence intensity ratio I455/I416 (λem 515 nm) of pyranine-containing pHgradient polymersomes (PI/PEG 1.99) in HEC hydrogel over time and free pyranine at indicated
pH values, mimicking the incubation conditions used in Figure 4.6a (b). Data are represented
as means ± SD (n=3). For panel a statistics were performed on the AUC0-4h (see Table S12).

Table 4.3. Detection and recognition thresholds for TMA in phosphate buffer at pH 5.8
Subject

Age

Gender

Detection [mg mL-1]

Recognition [mg mL-1]

1

26

F

7.39

14.78

2

23

F

3.69

14.78

3

33

M

1.85

3.69

4

26

F

1.85

7.39

5

25

F

3.69

14.78

6

24

F

1.85

3.69

7

43

F

1.85

7.39

8

28

F

3.69

7.39

9

28

F

3.69

7.39

10

33

M

7.39

29.56

11

31

F

3.69

7.39

12

29

F

3.69

a

13

25

M

1.85

7.39

14

25

F

7.39

29.56

15

25

F

3.69

7.39

16

29

M

1.85

3.69

a)

Subject not able to recognize the smell of TMA in any of the samples.
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4.3.4 In human olfactory study
Following the promising in vitro data, we conducted a double blind olfactory study using an
artificial skin substrate to assess the formulations’ ability to lower the characteristic TMA smell
upon application of the polymersome-loaded hydrogel. Sixteen healthy volunteers were asked
to assess the odor of three different formulations in comparison to two controls. In a first step,
detection and recognition thresholds were defined by asking the volunteers to smell a range of
samples with increasing TMA concentrations. It is to note that roughly 7% of the population is
anosmic to the smell of TMA [238]. In our case, one of the volunteers was found anosmic to
TMA and was therefore excluded from the study. Thresholds of 62.5 ± 33.1 µmol L-1 for the
detection and 188 ± 137 µmol L-1 for the recognition of TMA were established (Table 4.3),
which is in accordance with previous findings employing a similar setup [133].

Figure 4.7. Outline of the in human olfactory testing with PI-b-PEG polymersome hydrogel
formulation (a). Results of the in-human olfactory study. The mean difference for 4
comparisons against the shared control ‘Pos.ctrl’ are shown in the above Cumming estimation
plot. The raw data are plotted on the upper axes with the line break denoting the mean value of
each group and the lines indicating the standard deviation. On the lower axes, mean differences
are plotted as bootstrap sampling distributions. Each mean difference is depicted as a dot. Each
95% confidence interval is indicated by the ends of the vertical error bars (Gel: HEC gel; GelVes: HEC gel containing polymersomes without pH gradient; Gel-pH-Ves: HEC gel containing
polymersomes with transmembrane pH-gradient) (n = 15) (b).
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In the second part of the study, each individual received a total of 15 samples to assess the TMA
odor, comprising three gel formulations (no polymersomes, with polymersomes - no pH
gradient, with polymersomes - with pH gradient), as well as positive and negative (no TMA)
buffer controls. After 3 h of incubation in a 1-mM TMA-containing buffer, the skin substrate
was treated with the gel and incubated for 30 min at 37 °C. The herein used TMA concentrations
exceeded those usually encountered in healthy humans (~ 5  in human plasma) [105], to
ensure recognition of the distinctive TMA smell by the participants. Perceived odor intensity
was rated on a ten-point odor detection scale, ranging from 0, which equaled the negative
control, up to 10, equaling the positive control (Figure 4.7a).
Due to the subjective nature of rating the perceived odor, an expected variability of the results
was observed. Nevertheless, a clear trend was detected when comparing the bootstrap sample
distributions of the three HEC formulations (Figure 4.7b). The control gel devoid of
polymersomes did not decrease the perceived odor intensity. While the formulation containing
the polymersomes without pH gradient exhibited a slight decrease in TMA odor intensity (as
would be expected from the uptake study in Figure 4.3d), only the formulation prepared with
the pH-gradient polymersomes was significantly different from the positive control and the
control gel (Table S13).

4.4 Conclusion
In conclusion, a series of PI-b-PEG polymers with varying chain length were synthesized and
formulated into polymersomes. For the first time, synthetic polymersomes were investigated
for the palliative treatment of TMAU. The approach is based on the incorporation of
transmembrane pH-gradient PI-b-PEG polymersomes in a topical hydrogel formulation. Owing
to their fluid membrane at body temperature, these polymersomes were able to efficiently and
rapidly capture TMA in vitro and, as a result, reduced perceived odor intensity when applied
on a skin surrogate. This study further highlights the potential of polymersomes in
detoxification applications and provides a compelling example for the use of microvesicles to
sequester target molecules in addition to their conventional use in drug delivery.
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5.1 Conclusions
The main aim of this doctoral thesis was the development and characterization of
polymersomes, applicable for the chronic treatment of two metabolic disorders, namely HA and
TMAU (Figure 5.1).
In Chapter 3, we built on previous research conducted by our group, using transmembrane pH
gradient vesicular systems for the treatment of HA. Opting for PI-b-PEG as a polymer system,
we synthesized three libraries of amphiphiles via NMP, varying in the length of PEG (700,
2000, and 5000 g mol-1) and PI (600 – 23,200 g mol-1) blocks. A total of 19 polymers were
produced, having PI/PEG ratios in the range of 1 to 6 (w/w), all exhibiting relatively narrow
dispersities. In an effort to change the characteristics of the hydrophobic block, several of these
polymers were hydrogenated, obtaining close to quantitative yields.
To determine optimal conditions for the formation of polymersomes, several of the synthesized
PI-b-PEG2000 amphiphiles were screened for their self-assembly properties, employing three
frequently used polymersome preparation methods (emulsification, nanoprecipitation, and film
rehydration). A simple screening process involving light microscopy revealed that the majority
of polymers was able to form spherical structures, and to encapsulate the hydrophilic dye
pyranine in their acidic lumen. The emulsification process proved superior to the other two,
regarding achievable concentration of vesicles and encapsulation of the dye. This process was
further optimized, yielding high encapsulation of pyranine, while employing mild preparation
conditions, i.e. low energy input over a short period of time.
Subsequently, this optimized method was used to obtain self-assemblies of all 19 PI-b-PEG
amphiphiles. Light scattering measurements revealed assemblies of low micrometer
dimensions for PI/PEG ratios exceeding a value of 1.5. In contrast, shorter hydrophobic blocks
(PI/PEG < 1.5) resulted in the formation of smaller structures, in the range of 100-300 nm.
These findings were supported by electron microscopic measurements, showing the presence
of micellar and tubular structures at low ratios. At PI/PEG ratios above 2, vesicles were the
major structure observed, decreasing in yield with increasing length of the hydrophobic block.
These data were in line with ammonia capture experiments in phosphate buffer (pH 6.8), which
heavily depended on the PI/PEG ratio. In fact, a bell-shaped curve was obtained when plotting
the ammonia capture as a function of the PI/PEG ratio, i.e. the length of the hydrophobic block
(for the PEG 2000 series). Above a PI/PEG ratio of 1.99, the ammonia uptake decreased. In
addition to the lower vesicle yield, these observations might be related to entanglement and
interdigitation of the polymer chains, which in theory are far more pronounced at higher
molecular weights, resulting in tighter vesicle membranes and therefore hindered diffusion
[216,239].
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Figure 5.1. Graphical representation of the main findings of this doctoral thesis. The selfassembly behavior of PI-b-PEG amphiphiles was investigated. pH gradient PI-b-PEG
polymersomes were subsequently used to capture the metabolites ammonia (after crosslinking
of the residual olefinic bonds) in a colon-mimicking environment, and TMA, whilst
incorporated in a topical hydrogel formulation.
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Overall, polymers comprising a PEG fragment of 2000 g mol-1 exhibited the highest capture
capacity, and were further evaluated for ammonia uptake in simulated intestinal fluids
containing bile salts (i.e. natural surfactants). A similar bell-shaped curve to that in phosphate
buffer was observed, showing an overall reduction in capture of roughly 25%. This is likely
linked to partial destabilization of vesicles and/or disruption of the pH gradient in the presence
of bile salts. The polymer showing the highest capture in phosphate buffer and in simulated
intestinal fluids (PI/PEG 1.99) was further investigated in a colon-mimicking environment,
containing 50% of dietary fibers. After incubation in this matrix, no capture could be achieved,
likely a result of the destabilization of the vesicles upon dehydration as previously observed
with PS-b-PEG [25] (Table 5.1).
Polymeric crosslinking of the vesicles was performed to tackle this issue. Crosslinked
polymersomes were more stable than their non-crosslinked counterparts, retaining 35% of their
initial capture capacity after 24 h incubation in the dietary fiber-based hydrogel. Further, uptake
values in this medium were significantly higher than those previously observed for PS-b-PEG
[25].

Table 5.1. Comparison of the herein used PI-b-PEG2000 (PI/PEG 1.99) polymersomes to
previously reported PS-b-PEG2000 vesicles (PS/PEG 2.5) [25], concerning their capture
capacities (CC) after 24 h incubation. Mean ± SD (n=3).
Metabolite

NH3

TMA

a)

Medium

PS-b-PEG
CC [µmol g-1]

PI-b-PEG
CC [µmol g-1]

PI-b-PEG
(crosslinked)
CC [µmol g-1]

Phosphate buffer,
pH 6.8

410 ± 70

720 ± 50

590 ± 50

Bile salt-containing
buffer, pH 6.8

310 ± 50

540 ± 10

-

Dietary fiber-based
hydrogel (50%)

20 ± 10

0

210 ± 60

Phosphate buffer,
pH 6.8

240 ± 110 a

530 ± 40 b

-

Phosphate buffer,
pH 5.8

-

390 ± 30

-

PS/PEG of 2.15, b) PI/PEG of 2.30, - no uptake experiments performed.

PI-b-PEG vesicles (PEG 2000 series) were further investigated in the context of TMAU, as
potential sequestration systems for the metabolite TMA. Compared to HA, research on TMAU
is rather limited, due to the low prevalence and poor medical awareness of the condition [98,99].
The primary treatments to date remain the dietary restriction of TMA precursors and frequent
body washings, using acidic soaps. However, these are not sufficient, only reducing the burden
of affected individuals to a certain extent [73]. As reviewed in Chapter 2, several therapeutic
options have been investigated, however, not in depth, due to the limited number of patients.
Antibiotics were shown to be efficient [149] but would need continuous administration, likely
raising antibiotic resistance. In recent years, the discovery of TMAO as a disease marker and
therapeutic target in CVD has led to increased interest in the metabolism of TMA, potentially
yielding novel treatment strategies that might be translated to TMAU [170].
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We hypothesized that transmembrane pH gradient polymersomes, formulated in a topical
hydrogel, could alleviate the symptomatic burden of TMAU. The underlying principle is the
sequestration of TMA on the skin and decreased volatility due to its protonation in the acidic
lumen of the vesicles (Chapter 4). Initial experiments carried out at pH 6.8 revealed that owing
to the lower glass transition temperature of the PI block, vesicles comprising PI-b-PEG proved
more efficient than those made of PS-b-PEG, sequestering the majority of TMA within the first
2 h. At the pH of skin (pH 5.8) TMA capture decreased by 50 % due to the reduced pH gradient
difference between the vesicle core and the external environment. The kinetic profile, however,
remained unchanged. A bell-shaped curve, similar to the one obtained in ammonia capture
experiments (Chapter 3), was obtained when plotting TMA capture versus PI fragment length,
showing the same peak uptake value at a PI/PEG ratio of 1.99. After confirming TMA capture
in the presence of an excess in ammonia (also found in skin secretions), the optimized
polymersome system was incorporated into a HEC hydrogel. The pH gradient was shown to
remain stable within the gel matrix and still capable to sequester TMA in vitro. A subsequent
double blind olfactory study in 16 healthy volunteers showed significant improvement in
perceived odor of TMA, when applying the hydrogel containing the pH gradient formulation
on artificial skin substrates.

5.2 Outlook
We showed that pH gradient polymersomes, comprised of the non-biodegradable amphiphilic
block copolymer PI-b-PEG, are promising non-parenteral systems for the detoxification of
endogenous metabolites.
PI-b-PEG polymersomes in the treatment of HA
As of today, orally administered drugs that are commonly used to manage chronic HA in
patients suffering from advanced liver disease are moderately effective [19]. This creates an
unmet medical need for more potent therapeutic strategies to lower ammonia levels. In the past,
carbon-based microparticles (AST-120) were shown to efficiently scavenge ammonia in
rodents [218], but failed to meet clinical endpoints in patients with covert HE [240]. Building
on the promising results obtained in this thesis, using PI-b-PEG polymersomes as ammonia
scavengers, several parameters could be improved to favor the clinical translation of this
approach.
The effect of polymeric crosslinking on the stability of PI-b-PEG polymersomes in simulated
colonic environment was investigated in a proof of concept experiment. Since the increase in
stability seems to come at the cost of reduced ammonia capture, a more in-depth analysis of the
crosslinking process could help to identify optimal conditions (minimizing the loss in capture
capacity while increasing vesicular stability to the desired range). So far, we tested one watersoluble crosslinker, potentially limiting the crosslinking reaction to the surface of the
polymersome membrane. Switching to a crosslinker soluble in the organic phase (e.g., AIBN),
may favor its incorporation into the vesicle membrane, and improve the crosslinking efficiency
and stability of the bilayer. Combination of the two different types of crosslinkers could also be
envisaged.
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In addition, we only performed the crosslinking reaction using polymersomes comprising the
lead polymer. However, ammonia capture capacities after crosslinking might not directly
correlate to the values observed before crosslinking, since physicochemical characteristics,
such as membrane permeability, change during the crosslinking process. Therefore, a
systematic study analyzing the effect of crosslinking on all PI-b-PEG polymersome
formulations could be conducted. Polymersomes composed of polymers with shorter PEG and
PI blocks might yield particularly interesting results. In theory, shorter polymer fragments result
in thinner vesicle membranes [27], wherefore the permeability of the membrane after
crosslinking might not change as drastically as is the case for longer fragments.
Another option to increase polymersome stability while retaining ammonia capture capacity
might be the introduction of hydrogenated PI-b-PEG into the polymersome membrane. Mixing
the hydrogenated polymer with its non-hydrogenated analogue at predefined ratios prior to
vesicle formation would allow control of the density of olefinic bonds in the bilayer. This in
turn would permit to adjust the degree of crosslinking and hence the permeability of the
membrane. However, two issues need to be taken into account. On the one hand our data in
Chapter 3 indicated that polymersomes comprising hydrogenated polymers exhibited lower
ammonia capture than vesicles comprising the native polymer. Further, so far none of these
hybrid polymersomes have been prepared, wherefore an in-depth investigation of their
characteristics would be necessary, to ensure existence of their structure.
Next to the crosslinking reaction, the pH gradient itself offers the potential of further
optimization. Previous studies conducted with PS-b-PEG polymersomes indicated a strong
influence of the concentration of citric acid in the vesicle lumen on ammonia capture [25].
Besides, switching from the herein used citric acid to a weak acid bearing more carboxylic acid
groups, such as 1,2,3,4-butanetetracarboxylic acid, might further increase capture of ammonia,
by reducing the membrane permeability of the acid (due to the increase in size), thereby
ensuring a more stable pH gradient. This would need to be confirmed experimentally.
A major concern in oral drug delivery is the ingestion of sufficient doses to ensure efficacy.
Therefore, a solid, concentrated form is usually preferred to a suspension. To achieve this, pH
gradient polymersomes could be dried by lyophilization [241] or spray drying [242] in the
presence of cryo/lyoprotecting agents and subsequently administered in the form of a capsule
or tablet. After ingestion, the pH gradient would be created in situ while transitioning through
the GI tract. This would need to be confirmed in vitro, drying the optimized formulation and
subsequently re-suspending it in a buffer at pH 6.8, to measure ammonia capture. Our
preliminary data generated in partially dehydrated medium, indicate that maintaining the
encapsulated acid upon drying might be extremely challenging, and only possible with highly
stable crosslinked vesicles.
In vivo experiments would be necessary at various stages during the above mentioned
optimization procedures. The suspensions would need to be assessed for their plasmatic
ammonia lowering effect in bile duct ligated rats, an animal model often used to assess the
efficacy of ammonia lowering strategies [218]. Similarly, the final solid formulation would
need to be tested in the same in vivo setup before considering further steps.
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PI-b-PEG polymersomes in the treatment of TMAU
Similar to HE, current treatments in TMAU are not sufficient to soothe the burden of affected
individuals. While our results obtained with pH gradient PI-b-PEG polymersomes are
promising, the proposed formulation could be ameliorated in different ways.
The capture of TMA was assessed using polymersomes of the PEG 2000 library, whereas initial
ammonia uptake experiments were performed on all 19 synthesized polymers. Changing the
length of the hydrophilic block, whilst keeping the hydrophobic to hydrophilic ratio constant,
might impact TMA capture. Since TMA is slightly bulkier than ammonia, its diffusion across
the polymeric bilayer membrane is slower. In light of this, using polymersomes consisting of
polymers with shorter PEG fragments and hence shorter hydrophobic blocks, would decrease
the thickness of the vesicle membrane, which in turn might enhance diffusion of TMA across
the latter, resulting in faster uptake kinetics.
By increasing the TMA uptake of the polymersomes, it might be possible to further lower its
perceived odor in the olfactory study. It is to note, that the concentrations in TMA used in the
study were significantly higher than those usually found in humans [105]. Therefore, the herein
tested formulation might already lower perceived odor intensity in patients drastically.
Whilst testing the final formulation in TMAU patients would be the next step, one has to keep
in mind that the condition is of low prevalence and widely underdiagnosed [99]. Accordingly,
conducting a sufficiently large clinical study might prove problematic. Moreover, a topically
applied hydrogel or lotion containing the polymersomes would inevitably dehydrate over time.
Thereby, the sequestered TMA could be released shortly after application, leading to a loss of
the protective effect. Thus, frequent administration and subsequent removal would be required.
Consequently, ensuring retention of captured TMA within the vesicles for several hours is a
major challenge.
General outlook
Due to the interesting results achieved with PI-b-PEG polymersomes in the above mentioned
indications, translation of this type of detoxifiers to other endogenous metabolites or toxins,
such as propionic acid, a metabolite related to methylmalonic and propionic acidemias [243],
seems feasible. It is to note, that in order to sequester propionic acid, the pH gradient would
need to be reversed, i.e. changing to an alkaline inner pH. Moreover, the sizes of the investigated
metabolites were rather small, assuring relatively fast diffusion across the vesicle membrane.
In fact, by just increasing the size of the metabolite from ammonia (17 g mol-1) to TMA (59 g
mol-1), a decrease in uptake rate of the polymersomes could be observed (Figure 5.2). This
decrease was most pronounced in the first hour, showing initial slopes of 500 µmol g-1 h-1 for
ammonia and 300 µmol g-1 h-1 for TMA. Thus, translating these vesicles to larger metabolites
such as propionic acid (74 g mol-1) might further curtail the uptake kinetics. Considering
parenteral administrations, renal clearance of the polymer would have to be examined as PI-bPEG is a priori not biodegradable.
These vesicular structures might also prove useful in other indications, for instance drug
delivery or imaging. The relative abundance of olefinic bonds in the PI block would allow the
functionalization of the vesicles, e.g. introduction of a targeting moiety. However, the system
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would need major modification, especially concerning vesicle size, since the described
structures were relatively large. Size could be altered by extrusion through membranes with a
set porosity, as is usually done in the preparation of liposomes [46]. In addition, a more in-depth
analysis of the micellar and tubular structures that were also generated in this work, could be
of interest, as these structures are being investigated in a variety of biomedical applications
[244–246].
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Figure 5.2. Ammonia and TMA capture of PI-b-PEG2000 polymersomes (PI/PEG 2.30) in
phosphate buffer at pH 6.8. Mean ± SD (n=3).

One of the major obstacles, regardless of the application, is the scale up of the fabrication
process to industrial size production. PI-b-PEG was synthesized by NMP, a form of RDRP.
These techniques are typically employed to obtain rather small quantities of polymers for
applications such as optoelectronics [247]. In these cases, stringent control of the length of the
polymer block(s) is necessary to ensure optimal performance of the final product. Reports of
RDRP to produce polymeric materials on the kilogram scale are nonexistent, due to the
complicated reaction setup and high costs of controlling agents. In fact, the synthesis of the
NMP macroinitiator used to synthesize PI-b-PEG comprises multiple steps, including
cumbersome purification steps, such as column chromatography, that are generally avoided, if
possible. In addition, polymerizations need to be performed at high pressures in the absence of
oxygen and water, requiring special reaction vessels and time-consuming preparations. In
industry, free radical polymerization is usually preferred, due to the ease of reaction setup and
purification of the final product [248]. However, this method is not applicable in the synthesis
of block copolymers, mostly as a result of the numerous transfer and termination reactions,
resulting in broad polymer distributions. Scale up of the sonication method used to obtain
polymeric vesicles might be another obstacle to overcome. Switching to another, more scalable
process, in which the emulsification step would be performed with a homogenizer, would likely
be necessary.
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Supplementary figures

Figure S1. 1H NMR spectrum of PEG700-Br recorded in CDCl3.
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Figure S2. 1H NMR spectrum of PEG2000-Br recorded in CDCl3.

Figure S3. 1H NMR spectrum of PEG5000-Br recorded in CDCl3.
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Figure S4. 1H NMR spectrum of PEG700-TIPNO recorded in CDCl3.

Figure S5. 1H NMR spectrum of PEG2000-TIPNO recorded in CDCl3.
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Figure S6. 1H NMR spectrum of PEG5000-TIPNO recorded in CDCl3.
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Figure S7. 1H NMR spectra recorded in CDCl3 of PI-b-PEG700 polymer (PI/PEG (w/w) of 1.62)
before (top) and after (bottom) the hydrogenation reaction.
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Figure S8. 1H NMR spectra recorded in CDCl3 of PI-b-PEG2000 polymer (PI/PEG (w/w) ratio
of 3.62) before (top) and after (bottom) the hydrogenation reaction.
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Figure S9. 1H NMR spectra recorded in CDCl3 of PI-b-PEG5000 polymer (PI/PEG (w/w) ratio
of 0.77) before (top) and after (bottom) the hydrogenation reaction recorded in CDCl3.
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Figure S10. SEC traces of PI-b-PEG5000 polymers recorded at 35 °C in THF and measured
against a PMMA standard curve.
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Figure S11. SEC traces of PI-b-PEG polymers of all three libraries before (straight lines) and
after (dashed lines) hydrogenation. Recorded at 35 °C in THF and measured against PMMA
standards.
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Figure S12. Fluorescence images of pyranine containing vesicles prepared by emulsification
using the lead polymer (PI/PEG = 1.99). Upper panel: Increasing sonication amplitude from
left to right (indicated in left corner). Lower panel: increasing sonication time from left to right
(indicated in left corner) at amplitude 10%. Scale bar is set to 50 µm.

Figure S13. Representative TEM image of PI-b-PEG2000 (PI/PEG 0.84) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 1000 nm).
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Figure S14. Representative TEM image of PI-b-PEG2000 (PI/PEG 1.32) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 1000 nm).

Figure S15. Representative TEM image of PI-b-PEG2000 (PI/PEG 1.99) after self-assembly in
phosphate buffer at pH 6.8 (Scale bar: 2000 nm).
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Figure S16. Representative TEM image of PI-b-PEG2000 (PI/PEG 2.30) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 1000 nm).

Figure S17. Representative TEM image of PI-b-PEG2000 (PI/PEG 2.90) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 2000 nm).
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Figure S18. Representative TEM image of PI-b-PEG2000 (PI/PEG 3.62) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 2000 nm).

Figure S19. Representative TEM image of PI-b-PEG2000 (PI/PEG 4.52) after self-assembly in
phosphate buffer at pH 6.8 (scale bar: 2000 nm).
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Figure S20. Image of crosslinked PI-b-PEG vesicles (PI/PEG 1.99) after resuspension in DCM.
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Figure S21. SEC of PI-b-PEG (PI/PEG 3.62) before and after 1 month of storage in citric acid
buffer (pH = 2.0) at 4 °C.
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Capture capacity (μmol TMA/g polymer)

Figure S22. Hydrogels produced with an Unguator device, using the indicated HEC content in
phosphate buffer.
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Figure S23. Capture capacity of polymersome-containing hydrogel (PI/PEG 1.99) in Franz
diffusion cells at pH 5.8. Mean ± SD (n=3).
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Figure S24. Fluorescence excitation spectra (λem 515 nm) of free pyranine at indicated pH
values (a) and pyranine-containing pH-gradient polymersome hydrogel (PI/PEG 1.99) at
indicated times after preparation of the formulation (b).
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Supplementary tables
Table S1. Microstructure of PI-b-PEG amphiphiles synthesized in this study. Molar amount of
the different PI isomers present in the PI-b-PEG amphiphiles was calculated by 1H NMR
spectroscopy. Data presented as % of total PI molar units.
Polymer
PI-b-PEG700

PI-b-PEG2000

PI-b-PEG5000

PI/PEG [w/w]

1,4-PI isomer [%]

1,2-PI isomer [%]

3,4-PI isomer [%]

0.92

89

4

7

1.94

90

4

6

3.03

88

4

8

4.14

82

5

13

5.76

81

5

14

0.84

90

4

6

1.32

90

4

6

1.99

86

4

10

2.30

90

4

6

2.38

90

4

6

2.90

90

4

6

3.44

89

4

7

3.62

85

5

10

4.52

90

4

6

0.77

90

4

6

1.51

90

4

6

2.37

89

4

7

3.03

86

4

10

4.63

88

4

8
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Table S2. Hydrogenated PI(H)-b-PEG amphiphiles and their respective polymersome
ammonia capture capacity after 24 h incubation in phosphate buffer at pH 6.8. Polymersomes
were produced using a sonication probe at an amplitude of 5 for 1 min.
PI/PEG
[w/w]

Yield
[%] a)

Ammonia capture
capacity
[µmol NH3/g
polymer]

1.62

76

-

3.03

84

168

0.84

100

-

1.32

89

160

1.99

91

85

2.30

85

22

3.62

94

*

4.52

85

*

0.77

100

*

2.37

94

*

3.03

97

*

4.63

85

*

PI(H)-b-PEG700

PI(H)-b-PEG2000

PI(H)-b-PEG5000

a) Obtained after hydrogenation reaction; -

No uptake experiments performed; * No vesicles due to solubility issues

of the PI(H)-b-PEG.

Table S3. Comparison of the three vesicle preparation methods with respect to obtained
polymer concentration in the suspension (n=3), and number of pyranine-containing vesicles
determined by image analysis (n=4) (mean ± SD).
PI-b-PEG targeted
[mg mL-1]

PI-b-PEG measured
[mg mL-1]

Vesicle yield a
[%]

Pyranine
count

Pyranine count
normalized b

Emulsification

30

12.2 ± 0.7

41 ± 2

3390 ± 440

280 ± 40

Nanoprecipitation

4

3.42 ± 0.2

85 ± 4

1100 ± 60

330 ± 20

Film rehydration

3.33

3.40 ± 0.1

100

720 ± 280

210 ± 80

a) Vesicle

yield = PI-b-PEG measured / PI-b-PEG targeted; b) Pyranine particle count normalized to concentration
of polymer.
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Table S4. Ammonia capture capacities of PI-b-PEG polymersomes after 24 h (mean ± SD,
n = 3).

PI-b-PEG700

PI-b-PEG2000

PI-b-PEG5000

PI/PEG [w/w]

Ammonia capture capacity
[µmol NH3/g polymer] a)

0.92

-

1.94

470 ± 70

3.03

420 ± 70

4.14

370 ± 80

5.76

530 ± 60

0.84

140 ± 60

-

1.32

440 ± 100

170 ± 50

1.99

720 ± 50

540 ± 10

2.30

600 ± 50

460 ± 120

2.38

600 ± 25

2.90

470 ± 20

410 ± 30

3.44

360 ± 60

120 ± 80

3.62

300 ± 80

4.52

-

0.77

70 ± 20

1.51

170 ± 10

2.37

130 ± 50

3.03

-

4.63

-

Performed in phosphate buffer at pH 6.8;
capture observed.
a)

b)

Ammonia capture capacity
[µmol NH3/g polymer] b)

Performed in buffer supplemented with bile salt at pH 6.8;
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Table S5. Statistical data of the in vitro ammonia capture experiments in phosphate buffer at
pH 6.8 of PI-b-PEG700 polymersomes. The area under the capture capacity vs. time curves from
0-8 h (AUC0-8h) were compared using a one-way ANOVA and subsequent Tukey’s multiple
comparisons test.
PI/PEG (w/w)

Mean difference
[µmol g-1 h]

Significance

p value

0.92 vs. 1.94

-4400

****

< 0.0001

0.92 vs. 3.03

-2700

****

< 0.0001

0.92 vs. 4.14

-2200

***

0.0001

0.92 vs. 5.76

-2600

****

< 0.0001

1.94 vs. 3.03

1700

**

0.0013

1.94 vs. 4.14

2200

***

0.0002

1.94 vs. 5.76

1800

***

0.0007

3.03 vs. 4.14

500

n.s.

0.4609

3.03 vs. 5.76

100

n.s.

0.993

4.14 vs. 5.76

-400

n.s.

0.6889

n.s.: not significant.

Table S6. Statistical data of the in vitro ammonia capture experiments in phosphate buffer at
pH 6.8 of PI-b-PEG2000 polymersomes. The area under the capture capacity vs. time curves
from 0-8 h (AUC0-8h) were compared using a one-way ANOVA and subsequent Tukey’s
multiple comparisons test.
PI/PEG (w/w)

Mean difference
[µmol g-1 h]

Significance

p value

0.84 vs. 1.32

-2900

****

< 0.0001

0.84 vs. 1.99

-4600

****

< 0.0001

0.84 vs. 2.30

-3300

****

< 0.0001

0.84 vs. 2.38

-3600

****

< 0.0001

0.84 vs. 2.90

-2500

****

< 0.0001

0.84 vs. 3.44

-1400

*

0.0411

0.84 vs. 3.62

-900

n.s.

0.2994

0.84 vs. 4.52

1200

n.s.

0.0897

1.32 vs. 1.99

-1600

*

0.0105

1.32 vs. 2.30

-400

n.s.

0.981

1.32 vs. 2.38

-600

n.s.

0.7522

1.32 vs. 2.90

400

n.s.

0.9666

1.32 vs. 3.44

1600

*

0.0121

1.32 vs. 3.62

2000

**

0.0012

1.32 vs. 4.52

4100

****

< 0.0001

1.99 vs. 2.30

1200

n.s.

0.0772
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Continuation of Table S6.
1.99 vs. 2.38

1000

n.s.

0.2515

1.99 vs. 2.90

2000

**

0.0011

1.99 vs. 3.44

3200

****

< 0.0001

1.99 vs. 3.62

3600

****

< 0.0001

1.99 vs. 4.52

5800

****

< 0.0001

2.30 vs. 2.38

-300

n.s.

0.9985

2.30 vs. 2.90

800

n.s.

0.5014

2.30 vs. 3.44

2000

**

0.0015

2.30 vs. 3.62

2400

***

0.0002

2.30 vs. 4.52

4500

****

< 0.0001

2.38 vs. 2.90

1000

n.s.

0.189

2.38 vs. 3.44

2200

***

0.0004

2.38 vs. 3.62

2600

****

< 0.0001

2.38 vs. 4.52

4800

****

< 0.0001

2.90 vs. 3.44

1200

n.s.

0.1059

2.90 vs. 3.62

1600

*

0.0117

2.90 vs. 4.52

3700

****

< 0.0001

3.44 vs. 4.52

400

n.s.

0.9641

3.44 vs. 3.62

2600

****

< 0.0001

3.62 vs. 4.52

2100

***

0.0006

n.s.: not significant.
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Table S7. Statistical data of the in vitro ammonia capture experiments in phosphate buffer at
pH 6.8 of PI-b-PEG5000 polymersomes. The area under the capture capacity vs. time curves
from 0-8 h (AUC0-8h) were compared using a one-way ANOVA and subsequent Tukey’s
multiple comparisons test.
PI/PEG (w/w)

Mean difference
[µmol g-1 h]

Significance

p value

0.77 vs. 1.51

-600

n.s.

0.0548

0.77 vs. 2.37

-800

*

0.0158

0.77 vs. 3.03

400

n.s.

0.3742

0.77 vs. 4.63

400

n.s.

0.3742

1.51 vs. 2.37

-200

n.s.

0.9239

1.51 vs. 3.03

1000

**

0.0031

1.51 vs. 4.63

1000

**

0.0031

2.37 vs. 3.03

1100

**

0.001

2.37 vs. 4.63

1100

**

0.001

3.03 vs. 4.63

0

n.s.

> 0.9999

n.s.: not significant.

Table S8. Statistical data of the in vitro ammonia capture experiments using PI-b-PEG
polymersomes (PI/PEG 1.99). The area under the capture capacity vs. time curves from 0-8 h
(AUC0-8h) were compared using an unpaired t-test.
Experiment

Mean difference
[µmol g-1 h]

Significance

p value

Phosphate buffer pH 6.8 vs. bile salt buffer pH 6.8

-1900

**.

0.0027

No pH gradient in phosphate buffer vs. pH gradient
in phosphate buffer

-5500

****

< 0.0001

Hydrogenated polymer in phosphate buffer vs. nonhydrogenated polymer in phosphate buffer

-5800

****

< 0.0001

n.s.: not significant.
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Table S9. Statistical data of the in vitro ammonia capture experiments in simulated intestinal
fluids at pH 6.8 of PI-b-PEG2000 polymersomes. The area under the capture capacity vs. time
curves from 0-8 h (AUC0-8h) were compared using a one-way ANOVA and subsequent Tukey’s
multiple comparisons test.
PI/PEG (w/w)

Mean difference
[µmol g-1 h]

Significance

p value

0.84 vs. 1.32

-2100

*

0.0345

0.84 vs. 1.99

-3800

***

0.0003

0.84 vs. 2.30

-3700

***

0.0004

0.84 vs. 2.90

-3400

***

0.001

0.84 vs. 3.44

-1500

n.s.

0.1884

1.32 vs. 1.99

-1700

n.s.

0.0934

1.32 vs. 2.30

-1600

n.s.

0.1435

1.32 vs. 2.90

-1300

n.s.

0.3097

1.32 vs. 3.44

600

n.s.

0.8936

1.99 vs. 2.30

200

n.s.

0.9998

1.99 vs. 2.90

500

n.s.

0.9635

1.99 vs. 3.44

2400

*

0.0162

2.30 vs. 2.90

300

n.s.

0.9941

2.30 vs. 3.44

2200

*

0.0256

2.90 vs. 3.44

1900

n.s.

0.0617

n.s.: not significant.

Table S10. Statistical data of the in vitro ammonia capture experiments using native (Nat) or
crosslinked (CL) PI-b-PEG2000 polymersomes in phosphate buffer (Pho) or colon-mimicking
environment (Meta) (PI/PEG 1.99, unless indicated otherwise). For multiple groups ammonia
capture values obtained after 24 h were compared using a one-way ANOVA and subsequent
Tukey’s multiple comparisons test. In case of experiments with only two groups, ammonia
capture values obtained after 24 h were compared using an unpaired t-test.
Mean difference
[µmol g-1 h]

Significance

p value

Nat Meta vs. Nat Pho

-520

***

0.0005

PI/PEG 2.30, Nat Meta vs. Nat Pho

-410

**

0.0014

CL Pho vs. CL Meta

380

***

0.0003

CL Pho vs. Nat Pho

100

n.s.

0.2909

CL Pho vs. Nat Meta

620

****

< 0.0001

CL Meta vs. Nat Pho

-280

**

0.0026

CL Meta vs. Nat Meta

230

**

0.0087

Nat Pho vs. Nat Meta

520

****

< 0.0001

n.s.: not significant.

102

Appendix
Table S11. Statistical data of the in vitro ammonia capture experiments in phosphate buffer at
pH 6.8 of crosslinked polymersomes (PI/PEG2000 1.99) with different concentrations of
crosslinker. Ammonia capture capacity values obtained after 24 h were compared using a oneway ANOVA and subsequent Tukey’s multiple comparisons test.
Concentration of crosslinker [mM]

Mean difference
[µmol g-1 h]

Significance

p value

0 vs. 0.5

100

n.s.

0.4543

0 vs. 1

190

*

0.0385

0 vs. 2

320

***

0.0008

0 vs. 5

370

***

0.0002

0 vs. 10

340

***

0.0005

0.5 vs. 1

90

n.s.

0.5963

0.5 vs. 2

220

*

0.0177

0.5 vs. 5

260

**

0.0044

0.5 vs. 10

240

*

0.0101

1 vs. 2

130

n.s.

0.2485

1 vs. 5

180

n.s.

0.0666

1 vs. 10

150

n.s.

0.1509

2 vs. 5

50

n.s.

0.9537

2 vs. 10

20

n.s.

0.9993

5 vs. 10

-30

n.s.

0.9949

n.s.: not significant.
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Table S12. Statistical data of TMA/ammonia in vitro capture experiments. The area under the
uptake vs. time curves for the first 4 h (AUC0-4h) were compared using a one-way ANOVA and
subsequent Tukey’s multiple comparisons test in case of multiple groups, and an unpaired t test
in case of only two groups were compared.
Experiment

Mean difference
[µmol g-1 h]

Significance

p value

PS-b-PEG pH 6.8 vs. PI-b-PEG pH 6.8 b

-990

***

0.0003

PS-b-PEG pH 6.8 vs. PI-b-PEG pH 5.8 b

-270

n.s.

0.1128

PI-b-PEG pH 6.8 vs. PI-b-PEG pH 5.8 b

720

**

0.0015

PI-b-PEG 1.32 vs. PI-b-PEG 1.99 a

-610

****

<0.0001

PI-b-PEG 1.32 vs. PI-b-PEG 2.30 a

-300

***

0.0008

PI-b-PEG 1.32 vs. PI-b-PEG 2.90 a

540

****

<0.0001

PI-b-PEG 1.99 vs. PI-b-PEG 2.30 a

310

***

0.0006

PI-b-PEG 1.99 vs. PI-b-PEG 2.90 a

1200

****

<0.0001

PI-b-PEG 2.30 vs. PI-b-PEG 2.90 a

840

****

<0.0001

PI-b-PEG pH gradient vs. PI-b-PEG no gradient c

690

***

0.0009

PI-b-PEG pH gradient vs. PI-b-PEG no gradient c,d

1690

****

<0.0001

Gel-pH-Ves vs. Gel e

470

***

0.00013

a) Experiment

performed at pH 5.8 in side by side diffusion cells; b) Using PI-b-PEG ratio of 2.30 and PS-b-PEG
ratio of 2.15 in side-by-side diffusion cells; c) PI-b-PEG ratio of 1.99 in side-by-side diffusion cells at pH 5.8; d)
Capture of NH3; e) PI-b-PEG ratio of 1.99 performed in Franz diffusion cells at pH 5.8. n.s.: not significant.
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Table S13. Statistical data of in human olfactometric study, obtained using a one-way ANOVA
and subsequent Tukey’s multiple comparisons test.
Subject

Mean difference
[perceived odor]

Significance

P value

- vs. +

-5.5

****

<0.0001

- vs. Gel

-5.8

****

<0.0001

- vs. Gel-Ves

-4.8

****

<0.0001

- vs. Gel-pH-Ves

-4.0

****

<0.0001

+ vs. Gel

-0.3

n.s.

0.960

+ vs. Gel-Ves

0.7

n.s.

0.594

+ vs. Gel-pH-Ves

1.4

*

0.029

Gel vs. Gel-Ves

1.0

n.s.

0.218

Gel vs. Gel-pH-Ves

1.8

**

0.004

Gel-Ves vs. Gel-pH-Ves

0.7

n.s.

0.519

negative control; + positive control; Gel HEC control gel; Gel-Ves HEC gel containing PI-b-PEG polymersomes
without pH gradient; Gel-pH-Ves HEC gel containing PI-b-PEG polymersomes with pH gradient. n.s.: not
significant.
-
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List of abbreviations
AIBN

azobisisobutyronitrile

ASA

acetyl salicylic acid

ATRP

atom transfer radical polymerization

AUC

area under the curve

b

block

CDCl3

deuterated chloroform

CHCl3

chloroform

cryo-SEM

cryogenic scanning electron microscopy

cryo-TEM

cryogenic transmission electron microscopy

CVD

cardiovascular disease

d

particle diameter

Ð

dispersity

DCM

dichloromethane

DLS

dynamic light scattering

DMB

3,3-dimethyl-1-butanol

EM

electron microscopy

Et2O

diethyl ether

FMO

flavin-containing monooxygenase

FMT

fecal microbial transplantation

FRP

free radical polymerization

GI

gastrointestinal

HA

hyperammonemia

HE

hepatic encephalopathy

HEC

hydroxyethyl cellulose
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List of abbreviations
LD

laser diffraction

LSPD

liposome-supported peritoneal dialysis

MADIX

macromolecular design by interchange of xanthate

MeOH

methanol

Mn

number average molecular weight

MS

mass spectrometry

Mtt

methyl transferase

NaOH

sodium hydroxide

NH3

ammonia

NH4+

ammonium

NH4Cl

ammonium chloride

NMP

nitroxide-mediated polymerization

P

packing parameter

PBD

poly(butadiene)

PD

peritoneal dialysis

PDI

polydispersity index

PEG

poly(ethylene glycol)

pKa

acid dissociation constant

PI

poly(isoprene)

PI(H)

hydrogenated poly(isoprene)

PRE

persistent radical effect

PS

poly(styrene)

RAFT

reversible addition-fragmentation chain-transfer

RDRP

reversible-deactivation radical polymerization

SEC

size exclusion chromatography

TEMPO

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl

Tg

glass transition temperature
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List of abbreviations
THF

tetrahydrofuran

TIPNO

2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide

TMA

trimethylamine

TMAO

trimethylamine N-oxide

TMAU

trimethylaminuria
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