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|. Abstract

. Abstract

Artificial oxygen carriers (AOCs) based on perfluorocarbons (PFCs) have been studied and
developed for about half a century. Since PFCs are not dissolvable in blood, they are often
emulsified or encapsulated before intravenous administration. In this dissertation, it is
attempted to prepare capsules from a synthetic protein as a membrane material. For that
purpose, triblock polypeptides consisting of a hydrophilic aspartate block, a hydrophobic
phenylalanine block, and a central cysteine block for cross-linking are synthesized to form

spherical solid protein-like capsule walls around PFC droplets.

We first investigate the effect of hydrophilic chain length to hydrophobic chain length ratio on
the size and morphology of PFC droplets. Three di-block polypeptides Aspao-Phe, with different
hydrophilic chain length to hydrophobic chain length ratios, including Aspso-Phes, Aspao-Phey,
and Aspao-Pheia, are first synthesized and investigated for their ability to emulsify PFC. When
the ratio is smaller than 3:1, polypeptides are hardly soluble in water, and there are a large
number of self-assembled micelles in the emulsion, which are well dispersed around the PFC
droplets. When the ratio is larger than 8: 1, polypeptides are well dissolved in water and are

suitable to stabilize PFC in water emulsions.

In the second step, single block oligo- or poly-cysteine peptides are synthesized and their free
thiol group contents were studied, to make sure that cysteine block can crosslink properly. Two
differently protected cysteine units, including S-benzyl-L-cysteine (BnCys) and S-
carbobenzoxy-L-cysteine (CbzCys), are used as starting materials. Both amino acids can be
efficiently converted into activated monomers, including N-(phenoxycarbonyl)-S-benzyl-L-
cysteine (NPBNCys) and N-(4-nitrophenoxycarbonyl)-S-carbobenzoxy-L-cysteine
(NNPCbzCys). Polymerization of the first monomer gives oligo- or poly-BnCys with good yields
(around 80%) and narrow molecular weight distribution (PDI=1.2). However, polymerization of
NNPCbzCys gives oligo- or poly-CbzCys with smaller yields (around 30%) and broad
molecular weight distribution (PDI=1.8). Around 90% of the protecting groups of both differently
protected oligo- or poly-cysteine units can be efficiently removed by acidolysis, and around 20%
of free thiol groups can be detected for all the resulting oligo- or poly-cysteine peptides. If 1,2-
ethandithiol was used as carbon cation scavenger and reducing agent for the deprotection
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reaction, around 39% of free thiol groups can be detected. Given that the polymerization of
monomer NPBNCys is more efficient than that of monomer NNPCbzCys, it is better to

synthesize triblock polypeptide with monomer NPBnCys.

Finally, various triblock polypeptides with different block ratios and different initiators are
synthesized, and their ability to encapsulate PFC are studied. All triblock oligo- or poly-peptides
can stabilize PFC in water efficiently. The capsule dispersion can be easily redispersed by
shaking even after 1 month. Most of the capsules exhibit a diameter that ranges from 100 nm
to 1000 nm. When cysteine chain dominates the peptide composition, the capsule wall exhibits
enough mechanical strength to maintain spherical shape after a drying process, which
indicates an existence of crosslinking between cysteine residues. As observed by NMR
spectroscopy, the capsule wall allows for fast gas exchange and the gas exchange is
completely reversible. The capsules also exhibit a large self-diffusion constant as around
2.05*10'2 m?/s in aqueous solution, which is good for oxygen delivery in the blood circulation.

The capsules also exhibit little cytotoxicity when tested on cell cultures.
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1 Introduction and objectives

Artificial oxygen carriers (AOCs) based on perfluorocarbons (PFCs) have been studied and
developed for about half a century. Since PFCs are not dissolvable in blood, they are often
emulsified [1] or encapsulated [2-4] before intravenous administration. In most cases, the
administration of the above AOCs would lead to biological incompatibilities due to the emulsifier
used for emulsification [1] or immune reaction due to the synthetic polymer used for
encapsulation [5, 6]. Among these AOCs, the albumin-derived PFC AOC seems one of the

most promising candidates because of its good biocompatibility [4].

Synthetic polypeptides, as synthetic analogues of proteins, contain the same amino acid
building blocks as proteins, but allow for the adjustment of properties that are not possible with
natural proteins. Therefore, using polypeptides as a shell material to encapsulate PFCs would
also create AOCs with good biocompatibility and tunable properties. There are 20 naturally
occurring amino acids in a human body, which can be grouped into hydrophilic amino acids
and hydrophobic amino acids. The types and contents of amino acids in the polypeptide may

have an impact on the size, morphology, stability, and gas permeability of the PFC AOCs.

The objectives of this thesis are synthesizing and testing suitable oligo- or polypeptides that
can be used to encapsulate PFD to prepare capsules with good biocompatibility and stability.
Triblock polypeptides consisting of aspartic acid, cysteine, and phenylalanine were chosen as
suitable candidates for the capsule wall materials. Aspartic acid, as the hydrophilic part, can
provide emulsions or capsules with both, electrostatic stabilization and steric stabilization.
Phenylalanine, as hydrophobic part, may interact with the organic phase. Cysteine containing
a thiol group can solidify the initially loosely associated capsule walls by forming networks of

disulfide bonds.

Two main questions should be addressed before synthesizing the triblock polypeptides and
preparing PFD filled capsules. The first question is, what block ratio between these three amino
acids should be designed? The second question is, what the content of the free thiol groups of
the central cysteine block in the synthesized peptide should be. Therefore, the ability of di-

block polypeptides Aspao-Phe, with different Phe block chain length to emulsify PFD will be
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studied initially, providing a solid foundation for the synthesis of tri-block peptides and their
corresponding capsules. Subsequently, the polymerization efficiency and deprotection
efficiency of two differently protected cysteine units will be analyzed, and the free thiol group
content of their deprotection products determined as well. Finally, the triblock polypeptides
should be synthesized and the effect of different cysteine contents of polypeptides on the

mechanical strength of perfluorodecalin-filled polypeptide capsules investigated.

The thesis includes five chapters. Chapter 2 introduces the backgrounds of the thesis.
Perfluorocarbon based artificial oxygen carriers including PFD/water emulsions (Fluosol,
Oxypherol and Oxygent) and perfluorocarbon filled polymeric capsules (PLGA, PBCA, albumin,
polypeptide) are introduced. Then, two kinds of activated amino acid monomers, including NCA
and NPC, used to synthesize polypeptides are described. Then, the method to prepare
perfluorodecalin-filled polypeptide capsules is introduced, which included formation of
emulsion droplets and crosslinking of cysteine block. Therefore, polypeptide surfactants and
polycysteine’s properties are introduced. Finally, the basics on NMR, AFM and a video-

microscopic particle tracking technigue are introduced briefly.

Chapter 3 describes in detail the syntheses and characterizations of all polypeptides and
capsules. Chapter 3.2 focuses on the syntheses of polypeptide surfactants, including Bu-
Aspao-Phes, Bu-Aspao-Phes, Bu-Aspao-Pheis, as well as the syntheses of their corresponding
emulsions. Chapter 3.3 describes the syntheses and polymerization of three activated
protected cysteine monomers, including N-phenoxycarbonyl-S-benzyl-L-cysteine (NPBnCys),
N-phenoxycarbonyl-S-carbobenzoxy-L-cysteine (NPCbzCys), and N-(4-
nitrophenoxycarbonyl)-S-carbobenzoxy-L-cysteine (NNPCbzCys). Chapter 3.4 deals with the
syntheses of triblock polypeptides, including Bu-Aspsi-Cyss-Phes, Bu-Aspao-Cyss-Phes from
NNPCbzCys, and Bu-Asps-Cyss-PPhes, Bu-Aspis-Cyses-Pher, Asps-Cyss-Phez(amino acid

initiator) from NPBNnCys. The syntheses of their corresponding capsules are also introduced.

Chapter 4.1 compares the PFD/water emulsions from different di-block polypeptides, including
Aspaso-Phes, Bu-Aspao-Phes, Bu-Asps-Pheis. Chapter 4.2 compares the polymerization
efficiency of NNPCbzCys and NPBnCys, and introduces their structures before and after

deprotection reaction. Chapter 4.3 compares the syntheses of triblock polypeptides from
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NNPCbzCys and NPBnNCys, and investigates some properties of perfluorodecalin-filled
polypeptide capsules, including the size distribution, morphology, gas exchange rate, diffusion

constant, and cytotoxicity.

Chapter 5 summarizes the whole thesis and provides some prospects for future research.
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2.1 Perfluorocarbon based artificial oxygen carriers

Currently, hundreds of thousands of people around the world receive blood and blood products
every day. Blood performs many important functions in the body, including supply of nutrients
and oxygen to tissues, removal of metabolites, regulation of core body temperature,

transportation of messenger substances, coagulation and immunological functions, etc [7].

Red blood cell (RBC) concentrates are most frequently used in surgery or emergency medicine
to maintain essential functions such as oxygen delivery. Statistical analysis prognosticates that
there will be a shortage of blood and therefore a shortage of generated RBCs in the future due
to demographic changes, i.e., the percentage of older people is increasing while the
percentage of younger people is decreasing. Nevertheless, RBC concentrate transfusions are
associated with undesired side effects, including acute transfusion reactions, transfusion-
related lung injury, immune modulations, volume overload, and hemolytic reactions. Therefore,
artificial oxygen carriers (AOCs) are studied in order to reduce the dependency on and the

demand for RBCs [7].

There are mainly two categories of artificial oxygen carriers. One is hemoglobin-based oxygen
carriers and the other is perfluorocarbon-based oxygen carriers [8]. Perfluorocarbons are
mostly studied as oxygen carriers because of their relative biological inertness and good O-
dissolving capacities. Perfluorocarbons (PFC) are hydrocarbons whose hydrogen atoms are
fully substituted by halogen atoms, mainly fluorine atoms as shown in Figure 2.1a. Due to the
high electronegativity of fluorine, the electrons are densely packed and a large electron cloud
is created, which leads to a shield and thus to the particularly high stability. Because of its high
stability, no toxic metabolites can be formed in the body [9]. All PFCs are capable of dissolving
enormous amounts of gases due to the weak intermolecular interactions. Perfluorodecalin, for
example, can dissolve 403 mLo2/Lprc at 1 atm (1 bar, 713 mmHg). In contrast, water and blood
can only dissolve around 10 mLoa/Lwaer and around 200 mLoz/Loiood, respectively. Unlike in
hemoglobin, in which O is chemically bound to the central iron atom (Figure 2.1b), O is

dissolved purely physically in cavities between the individual molecules in case of PFCs.
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Therefore, no saturation of O, occurs and PFCs are able to dissolve more oxygen with higher

oxygen pressure [9].

R FR FR FR F

Br
F FF FF FF F

Figure 2.1 (a)The structures of two broadly used PFCs, perfluorodecalin (PFD) and
perfluorooctylbromide. (b)lllustration of chemically bound of O to the central iron
atom of hemoglobin.

Perfluorocarbons have to be emulsified or encapsulated for the use as artificial oxygen carriers
due to their poor aqueous solubility. Perfluorocarbons show the unique physical property that
they are both hydrophobic and lipophobic. The carbon-fluorine bond is extremely polar, but the
whole PFC molecule is nonpolar because the intrinsic symmetry annuls the polarity of each
carbon-fluorine bond, which lead to bad water solubility for PFCs. This extreme property
prevents the formation of induced dipoles that would lead to van der Waals forces, which are
essential for solubility in lipids [9]. Again, to be miscible with water, perfluorocarbons have to
be emulsified or encapsulated. Therefore, both perfluorocarbon in water emulsions and

perfluorocarbon filled capsules are extensively studied.

2.1.1 Perfluorocarbon in water emulsions

Two generations of PFC emulsions have been developed, the main differences of which
include the type of emulsifier, the type of PFCs and their volume fraction [1]. The first
generation emulsions include Fluosol and Oxypherol. The data were shown in Table 2.1. Toxic

emulsifiers such as Pluronic-F68 was used to improve the stability of the both formulations.
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Therefore, side-effects including complement activation, inhibition of leucocytes and transient
hypotension were expected. Perfluorodecalin (PFD) was the main used perfluorocarbon in
Fluosol, which leads to the formation of unstable emulsion due to the bad hydrophilicity and
lipophilicity of perfluorodecalin. While Oxypherol was a highly stable emulsion, because
perflurotributylamine (FTBA), which has a better hydrophilicity and lipophilicity, was the only
involved perfluorocarbon. The difficulties for Oxypherol were the excessively long organ

retention (half-life of FTBA in the rat was about 2.5 years).

Table 2.1  Comparison between products.

Product Formulation  (%w/v | Other additives Mean droplet size
PFC and %wl/v
surfactant)

Fluosol 14% FDC and 6% | Sodium chloride, | 120 nm

FTPA. 2.7% Pluronic | potassium chloride,
F-68, 0.4% EYP and | calcium chloride,
0.03% potassium | calcium bicarbonate,

oleate as surfactants | glycerol and
dextrose

Oxypherol 20% FTBA and | Krebs-Ringer N/A
Pluronic F-68 as | bicarbonate solution
surfactant

Oxygent 58% PFOB and 2% | a-Tocopherol and | 160 nm
PFDB, 3.65EYPas | EDTA, sodium
emulsifier chloride and a

phosphate buffer

The second generation emulsions were developed in order to overcome the difficulties in the
first generation emulsions, including low stability, low oxygen carrying capacity, and side-
effects from toxic emulsifiers. Oxygent is one of the famous second generation emulsions. The
data were shown in Table 2.1. Egg yolk phospholipids were used as the emulsifier, which
reduced the side-effects. The oxygen carrying capacity was about 4-fold larger than that of
Oxypherol, because of the higher content of perfluorocarbons. The emulsions showed both
good stability and acceptable organ retention because of the appropriate combination of
emulsifiers and perfluorocabons, as egg yolk phospholipids impart the emulsion electrostatic
stabilization and perfluorooctyl bromide (PFOB) possessing appropriate vapor pressure can

be easily exhaled.
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Both generations’ PFC emulsions are metastable and have a tendency to reach a complete
phase separation, which is due to the fact that PFC and water are not miscible, resulting in a
certain interfacial tension at the interface. Due to interfacial tension, PFC and water try to
minimize the exposed interface area where they come in contact. There are two major
processes which can push this decay forward [9]. The first one is coalescence, which refer to
the fusion of droplets due to their contact with each other. The driving force of coalescence is
the reduction of the interfacial area. Coalescence is the main reason for the poor stability of
Fluosol. The possible reason is that Pluronic F68 is not sufficient to stabilize perfluorodecalin,
which has very low water solubility. Charged polymeric emulsifiers may be a good choice
because they can provide both electrostatic stability and steric stability for the droplets. Ostwald
ripening is the other process which can lead to decay of emulsions. It happens when the PFCs
has a certain solubility in water. The PFCs inside the droplet dissolves in water and transfers
to larger droplets. Again, the reduction of the interfacial area in presence of surface tension is

the driving force.

Encapsulating PFCs into solid capsules can avoid coalescence and Ostwald ripening, as PFC
droplets are permanently encapsulated. The development of PFC filled capsules will be

introduced in the following chapter.

2.1.2 Perfluorocarbon filled capsules

Perfluorocarbon filled capsules can also be categorized into two generations depending on the
capsule wall materials. Both generations were developed by our group. Perfluorodecalin (PFD)
was used as the perfluorocabon core for both generation capsules, as it exhibits short excretion

time. The data of reported perfluorodecalin filled capsules were shown in Table 2.2.

Table 2.2  Comparison between capsules filled with PFD.

Capsules Capsule wall | Other additive Mean capsule size
materials

PLGA capsules Poly(lactic-co- 1.5 sodium cholate, [ 1 -8 um
glycolic acid) or 1% PVA

PBCA capsules Poly(n-butyl- Synperonic PE/F68 | 200 - 400 nm
cyanoacrylate)

Albumin capsules Albumin No more additive 400 nm - 1ym
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Polypeptide Polypeptide No more additive 100 nm — 2 ym
capsules

Synthetic polymers were used as shell materials in the first generation capsules, including
poly(lactic-co-glycolic acid) (PLGA) and poly(n-butyl-cyanoacrylate) (PBCA). PLGA capsule
walls not only show a mechanical stability comparable to that of red blood cells, but also have
sufficient permeability to allow oxygen exchange in an aqueous environment [2]. By coating
with poly(ethylene glycol) PEG and stabilizing with 1% poly(vinyl alcohol) PVA, PLGA capsules
exhibited a circulatory half-life of about 1 h [10]. However, severe side effects such as organ
damage and hypotension occurred after intravenous infusion of large amounts of PFD-filled
PLGA capsules [5]. PBCA capsules were much smaller than (150-200 nm) PLGA capsules
(1-8 um), and their dispersions showed good oxygen carrying capacities when PFD volume
reached 24%, which is about half of the capacity of human blood [3]. However, several
undesired side effects were observed such as a transient decrease in systemic blood pressure,
impairment in hepatic microcirculation, organ damage and elevation of plasma enzyme

activities [6].

The second generation capsules were developed in order to improve the biocompatibility of
the first generation capsules. Therefore, only biocompatible materials such as albumin and
polypeptide were used as capsule wall materials. Albumin-derived perfluorodecalin filled
nanocapsules not only showed a remarkable maximum oxygen capacity, but also were proved
lacking severe side-effects after in vivo administration [4]. These albumin nanocapsules were
also capable to protect a Langendorff heart (rat) during massive ischemia [11]. Synthetic
polypeptides, as synthetic analogues of proteins, contain the same amino acid building blocks
as proteins, but allow for the adjustable properties which are not possible with natural proteins.
Therefore, PFD filled polypeptide capsules were studied by our group in the past three years.
Those polypeptide capsules also showed a certain mechanical stability and have enough
permeability to allow oxygen exchange in an aqueous environment (unpublished results). The

study of PFD filled polypeptide capsules will be presented in detail in this thesis.

2.2 Polypeptide synthesis

Polypeptides are long chains of amino acids (normally over 20 amino acids) linked by peptide

8
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bonds (amide bonds). The chains of less than 20 amino acids are called oligopeptides which
include dipeptides, tripeptides and tetrapeptides. The specific arrangement of amino acids in
polypeptide chains can be called the primary structure of polypeptide (Figure 2.2). The amide
bond contains both a hydrogen bond donor (N-H) and a hydrogen bond acceptor (C=0). There
is limited bond rotation in the amide bond due to resonance between the carbonyl and amine
functional groups, so higher ordered secondary structures (a-helix, B-strand, and random coil
conformation) can form via H-bonds by interaction of amide bonds in a polypeptide chain
(Figure 2.2). The combination of secondary structure motifs and side-chain interactions

contribute to a higher tertiary structure and quaternary structure of proteins (Figure 2.2) [12].

Primary Secondary Tertiary Quaternary
structure structure structure structure

I\/iet ’
lle ‘
| ot
Llys 1; }
Ala 3 -}
Alsn }
' ;
lle ¥
| |
Amino acid sequence  o-helix, B-strand 32t2:11:gt§;?a\:}/;th A:ESLTn?{Ed

Figure 2.2  Structural organization of proteins [12].

The variable part of an amino acid which forms the side chain in the peptide is called residue.
It is known that more than 500 naturally occurring amino acids constitute residues in peptides.
Among these 500 amino acids, only 20 appear in human proteins, all of which are a-amino
acids. Except for glycine, all of the 20 natural a-amino acids adopt the same stereochemistry
(levorotary, L-configuration). All the 20 natural a-amino acids differ from their side chains
(Figure 2.3 ). Some of them can contain nonpolar and hydrophobic groups such as L-

phenylalanine, while others can contain polar and hydrophilic groups such as L-aspartate and
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L-cysteine. Some side chain functional group can even form covalent bond connection
between each other, like cysteine and tyrosine. Many amino acids adopt specific secondary
structures when they form a homopolypeptide. For example, poly(L-cysteine) and poly(L-
glycine) adopt stable B-sheet conformations in the solid state. Whereas, poly(B-benzyl-L-

aspartate) and poly(L-phenylalanine) prefer to adopt a-helical structures [13].

10
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Hydrophobic residues

Hydrogen Aliphatic
T H H }ll H
| |
H,N—C—COOH H,N—C—COOH  H,N—C,/—COOH  H,N—C,—COOH H,N—C—COOH
Gly‘fi"_e Alanine
Gly, G Ala, A
Leucine Isoleucine Valine
Leu, L lle, I Val,V
Aromatic Sulfur containing
H H H H

|
H,N—C,— COOH

|
H,N—C,—COOH

| |
H,N—C—COOH  H,N—C,—COOH

Phenylalanine Tyrvosine Tr_vptopl',an Methionine Cysteine
Phe, F Tyr,Y Trp, W Met, M Cys, C
Hydrophilic residues
Negative charged Positive charged
H H H
H H
N | H,N— c o COOH H,N— (,u COOH H,N— cu COOH
H,;N—C—COOH H,N—Cz;—COOH . . I
Aspartic acid Glutamic acid Histidine Lysine Arginine
Asp, D Glu, E His, H Lys, K Arg, R
Polar
||1 H H n H
H,N—C—COOH H,N—C—COOH H,N —C,—COOH H,N c —COOH Ca COOH
Asparagine Glutamine Serine Threonine Proline
Asn, N GIn, Q Ser, S Thr, T Pro, P
Figure 2.3  The common 20 amino acids. The three- and one-letter codes for the amino acids

are also given. The amino acids are classified into hydrophobic (hydrogen,

11
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aliphatic, aromatic, and sulfur containing) and hydrophilic (negatively charged,
positively charged, and polar). The side chains are marked with oval boxes [12].

These varied structural properties of polypeptides have drawn a great deal of attention from
chemists. Currently, there are mainly three types of methods for peptide synthesis: solid phase
peptide synthesis (SPPS) [14], recombinant DNA methods [14], and polymerization of

activated amino acid monomers [15].

The first method is solid phase peptide synthesis (SPPS) (Figure 2.4). The SPPS process
starts by coupling the first Nq-protected amino acid to an insoluble resin, then deprotecting the
a-amine protecting group with dilute acid (when Boc is used as a-amine protecting group) or
base (when Fmoc is used as a-amine protecting group) to create a free amine end. Then the
second Nq-protected amino acid could be coupled to the regenerated amine and again the
active free amine end can be created by deprotection of the amine-protecting group. The
desired polypeptide sequence can be fully synthesized by repeating the above coupling and
deprotection reaction. Finally, harsh acidic conditions such as anhydrous HF or CFsSO3H are
used for both the resin cleavage and side-chain deprotection. Polypeptides synthesized
through SPPS have controlled primary sequences and can fulfill certain functionality, but it is
difficult to create high molecular weight polypeptides above 100 residues due to the inevitable

side reactions [16].

R
o NH
/-VOH —_— /-YOV\NHZ - e (Y W‘A'\H)Kl/ 2
L a,b w0 a,b =0 R?

resin

(a b)ntlmes W/L JY \’(LNHE HO\”)\ J\, \H/J\NHz

Figure 2.4  Solid-phase peptide synthesis: (a) coupling, (b) deprotection, (c) cleavage from
resin. P = protecting group e.g. 9-fluorenylmethoxycarbonyl (Fmoc) or tert-
butylcarbonyl (Boc). Ri1, Rz, R = peptide side chains. Reproduced according to
reference [14].
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The second method is the so-called recombinant DNA technique (Figure 2.5). The process
begins with the selection of the desired polypeptide sequence, which is then translated into a
DNA sequence. The target DNA sequence is next synthesized chemically and integrated into
an Escherichia coli plasmid vector. The complete plasmid is then transfected into Escherichia
coli and is expressed to produce the designed polypeptide. The advantage of this method is
that it can create polypeptide with specific sequences and high molecular weight. Moreover, it

allows for a peptide production on a very large scale.

l target polypeptice ‘ S— Iamw‘no acid sequencel — complljer\r&entary

chemical

synthesis
—_ U L [T
enzyme synthetic gene

plasmid DNA | |

l enzyme

biologically syr?themzed @O ¢ recombinant plasmid
polypeptide E. coli

Figure 2.5 Recombinant DNA technique to synthesize polypeptides [14].

The last method is polymerization of activated amino acid monomers [17], including amino acid
N-carboxyanhydrides (NCAs) [18] and N-phenoxycarbonyl amino acids (NPCs) [19]. The
process begins by converting amino acids into the correspond activated monomers.
Subsequently, polymerization is initiated in the presence of certain initiators. Through
polymerization, one can synthesize polypeptides with large molecular weight and narrow
polydispersity (PD). The specific history and mechanism of polypeptide synthesized from

polymerization can be found in the following sections.

2.2.1 Ring-opening polymerization (ROP) of a-amino acid N-carboxy anhydrides (NCAs)

ROP of NCA of a-amino acid is currently the most common method for the synthesis of

polypeptides. During 1906 and 1908, Hermann Leuchs published three papers that described

13
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the synthesis and properties of a-amino acid N-carboxyanhydrides (NCAs; Figure 2.6a). NCAs
were discovered by coincidence when Leuchs attempted purification of N-ethoxycarbonyl a-
amino acid chlorides. However, Leuchs changed his area of research completely from NCAs
to the chemistry of strychnine alkaloids since 1907 due to the lack of proper analytical methods
for NCA-polymerized products and the wrong estimation of their structure. As a result of his

pioneering work, NCAs are commonly referred to as Leuchs’ anhydrides [13].

(a) Leuchs route:
0 0
v y
RO o — RO X -RX
o R o R

R’ =alkyl, aryl X=Cl, Br 0

(b) Fuchs-Farthing route: R
0 0 o] H - HCI

Ho)‘\rNH2 + Cl)kCI - HO)H/N\H/CI
R

R (0]
or phosgene

derivatives

Figure 2.6  (a) Leuchs method to synthesize NCAs, (b) Fuchs-Farthing method to synthesize
NCAs.

Presently, the most important and economical method for synthesizing NCAs is called Fuchs-
Farthing method in which phosgene or its derivatives are used as a cyclizing agent (Figure
2.6b). In 1922, Friedrich Fuchs described the preparation of NCA of N-phenylglycine by
phosgenation of N-phenylglycine in aqueous solution. Based on Fuchs’ reaction, A. C. Farthing
made some modifications and prepared some other NCAs such as NCAs of glycine, DL-(-
phenylalanine, L-leucine, etc. in 1950 [20]. Using this system, it is typical to prepare an NCA
by the reaction of an a-amino acid with phosgene in ethyl acetate (also tetrahydrofuran and

dioxane) at elevated temperatures (60 °C) under inert atmosphere.

The ring opening polymerization (ROP) of NCAs could produce ‘living’ polypeptides. The
expression "living polymers" was first described by M. Szwarc in 1956 when he tried to
synthesize polystyrene by polymerization of styrene [21]. The term "living" mainly means that

when the polymerization is terminated either by 100% conversion of the monomers, by cooling,

14
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or by precipitation, the reactive end group responsible for chain growth remains unchanged
(alive). In this way, polymers with controlled length and low polydispersity can be prepared.
Moreover, it is also possible to form block copolymers by sequential addition of different

monomers.

A suitable initiator is essential for polymerization of NCAs. Because of the numerous reactive
sites on the five-membered NCA ring, i.e. the 2- and 5-carbonyl groups, 3-NH and 4-CH, there
is a wide range of initiators available to initiate NCA polymerizations, e.g., protonic nucleophiles,
nonprotonic bases, metal salts, organometallics, transition metals and their analogues of
strong-bases [17, 18]. Primary amines are presently one of the most common initiators for the
ROP of NCAs because of the following two reasons. Firstly, using primary amines as initiator
could prepare polypeptides with a living end group (amino group). Secondly, the highly
nucleophilic and sterically unhindered nature of primary amines allows them to initiate
polymerization rapidly, resulting in smaller polydispersity values [13]. One possible mechanism
of primary amines initiated ROP of NCAs is shown in Figure 2.7. The polymerization involves
three steps of carbonyl addition, ring opening and decarboxylation. In a first step, a nucleophilic
primary amine bearing a lone pair of electrons attacks the Cs carbon of the NCA to initiate ring
opening. This is followed by a decarboxylation step and regeneration of the amine. Finally, the
regenerated amine attacks the molecule of another NCA to increase the length of the
polypeptide chain. This pathway allows for the synthesis of co-polypeptides with several

different blocks, with defined terminal structures and with narrow polydispersities [13].
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Figure 2.7 Mechanism of primary amines initiated ROP of NCAs.

However, there are two main drawbacks that limit the use of NCA on an industrial scale. Firstly,
with phosgene or its derivatives, very poisonous educts are needed for the synthesis of NCA.
Secondly, the storage of NCA is very difficult due to its sensitivity to moisture and heat. Thus,
alternative monomers for the large scale synthesis of polypeptides have been extensively

studied these years.

2.2.2 Polymerization of N-phenoxycarbonyl amino acid (NPCs)

NPCs are promising alternative monomers due to the fact that they are tolerant to moisture
and heat and their synthesis does not require the use of phosgene derivatives [19]. Inspired
by Kricheldorf's synthesis of polyamides using the monomer R-(N-aryloxycarbonyl)amino-w-
carboxylalkane, in 2008, Endo et al. first synthesized several amino acid NPCs and studied
their polymerization [22, 23]. NPCs are also called amino acid urethane derivatives (UDs) if
hydrogens at the phenoxy group of NPC are substituted. Two routes are mainly used to
prepare NPCs. One is by reaction between amino acids and phenol chloroformate. The other
one is by reaction between amino acids and diphenyl carbonate (DPC) in the presence of an
excess base (EtsN or tetrabutylammonium hydroxide) (Figure 2.8). Using these two methods,
Endo’s group prepared a large variety of NPCs during these ten years and proved that NPCs

promising alternatives for polypeptide synthesis [19].
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Figure 2.8  Synthetic methods to prepare NPC monomers

The controlled polymerization of these NPCs can be achieved by reaction in DMAc solution at
60°C with primary amine as initiator, which can form polypeptides with predictable MW and
narrow MW distribution (less than 1.2). The described polymerization may follow the same
mechanism as NCAs’ polymerization because they observed the in situ formation of NCAs by

H NMR before and during the polymerizations (Figure 2.9) [19].

0 0
N X F°
N le} R'—NH> R NH
HO)H/ \n/ N | \H ! 2
R O

R R

OH
©/ in situ-formed NCA

Figure 2.9  Synthesis of polypeptides by polymerization of NPCs.

2.3 Perfluorodecalin-filled polypeptide capsules

Micro- and nanocapsules are colloidal particles that are formed by a shell-like wall with a liquid
content according to a general and widely accepted classification of nanoparticles, and they
can be prepared by four principally different approaches according to a previous review:
interfacial polymerization, interfacial precipitation, interfacial deposition, and self-assembly
procedures [24]. The preparation of polypeptide nanocapsules can also be grouped into the
above strategies [25]. The preparation of perfluorodecalin filled polypeptide capsules in this
thesis consists of two stages. In the first stage, amphiphilic polypeptide molecules are
accumulated at the interfaces of PFD and water to give a metastable emulsion. In the second

stage, the cysteine units of polypeptides are oxidized to form disulfide bridges to solidify the

17



2 Theoretical background

self-associated structure and to yield a solid polypeptide membrane.

The size of the capsules depends on the size of the emulsion droplets formed in the first stage,
which is related to the emulsify ability of emulsifiers and input energy. The mechanical strength
of the capsules depends on the amount of free thiol groups in cysteine block that can undergo
cross-linking. Therefore, polypeptide emulsifier related to emulsion formation and polycysteine

related to crosslink of capsule structure are introduced in detail in the follow sections.

2.3.1 Polypeptide surfactants

Emulsions are mixture of two or more immiscible liquids with the interface stabilized by
surfactants [26]. The emulsion does not form spontaneously when the oil phase, water and
surfactant are mixed together. A new interfacial area with an interfacial tension can be created
by applying energy into the mixture, typically in the form of stirring or ultra-sonication. In order
to create small droplets, these shear forces need to overcome the additional Laplace pressure

on the surface of the original parent droplets according to the following equation.

P =2y/R Equation 2.1

where vy is interfacial tension, R represents the droplet radius.

Surfactants can improve the stability of emulsions by reducing interfacial tension and by
inhibiting droplet coalescence. Surfactants are amphiphilic molecules with a polar hydrophilic
part covalently connected to a hydrophobic part. There are various types of surfactants, most
of which can be categorized into small molecule surfactants and polymeric surfactants. Most
small molecule surfactants consist of a long chain hydrophobic tail and hydrophilic head groups,
such as phospholipids and sodium dodecyl sulfate (SDS). Polymeric surfactants are one class
of amphiphilic molecules which have longer hydrophilic and hydrophobic domains than small
molecule surfactants. The longer hydrophilic segments provide additional steric stabilization
compared to small molecule surfactants, while the hydrophobic tails allow for better anchoring

on the oil phase.

Amphiphilic block polypeptide surfactants containing hydrophilic and hydrophobic amino acid

fragments are a new class of polymeric surfactants that have been intensively studied in recent
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years. Hanson et al. reported polydimethyl siloxane (PDMS) in water emulsions stabilized by
block copolypeptide surfactants, poly(L-lysine-HBr)so-b-poly(L-leucine)zo (Ksol20) [27]. Their
emulsions are stable in storage for over one year, showing no sign of coalescence or Ostwald
ripening. They demonstrated that high content of hydrophilic block is essential for stabilization
of oil in water emulsion, as KeolL2o is soluble in water and therefore can be present in high
concentrations in the solution to effectively stabilize the exposed oil surface formed during

emulsification.

The concept of the hydrophilic-lipophilic balance (HLB) can be referred to when designing
polypeptide surfactants. This parameter is a measure of the degree of hydrophilicity or
lipophilicity of a surfactant and gives a better understanding of which types of emulsions can
be stabilized by a particular surfactant. According to Griffin, HLB of surfactants was described

as follows:

HLB = 20 x % Equation 2.2

where M,;, is the molecular mass of the hydrophilic part of the molecule, and M is the
molecular mass of the total molecule, which gives an HLB value from 0 to 20. An HLB value of
0 corresponds to a completely lipophilic molecule, and a value of 20 corresponds to a
completely hydrophilic molecule. Surfactant with small HLB value between 3 and 6 has a larger
percentage of lipophilicity and would be preferentially dissolved in an oil phase, stabilizing the
water-in-oil (WO) emulsion. On the other hand, a surfactant with large HLB value between 10
and 16 will preferentially dissolve in the agueous phase, which usually stabilizes the oil-in-
water (OW) emulsion. Therefore, if poly(L-aspartate)m-b-poly(L-phenylalanine), was chosen to
be the surfactant to stabilize PFD in water emulsions and the number of the repeat units of
hydrophilic amino acid aspartate was set to 40, we can roughly expect a range of about 8 to

30 repeat units of hydrophobic amino acid phenylalanine according to the HLB values.

2.3.2 Polycysteine

L-cysteine is a naturally occurring amino acid with a thiol group in the side chain. Its

homopolymer [i.e., poly(L-cysteine)] exclusively forms B-sheet structures [13]. Peptides
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containing a cysteine will form disulfide bonds in the presence of air and the oxidation is even
faster under basic conditions [16]. The disulfide form of cysteine is referred to as cystine. The
conversion of sulfhydryl to disulfide bonds is reversible, and the addition of a reducing agent

converts the disulfide bonds to thiol groups (Figure 2.10) [16].

O 0
H\g N
g)k‘[ Oxidation g ;
SH > S
HS = S
Reduction
g\uj\rg Y
@) : O

Figure 2.10 Cysteine undergoes facile oxidative dimerization to form cysteine disulfide
crosslinks. Reducing conditions can readily convert cystines back into the free
thiol-based cysteines [16].

Therefore, by using amphiphilic polypeptide surfactants containing cysteine units, not only oil
in water emulsions can be prepared, but also capsules with certain mechanical strength can
be obtained by forming disulfide bonds between polypeptide surfactants on the surface of the
oil droplets. In this subsection, the main properties of polycysteine, including pH-sensitive

agueous solubility and oxidative properties, will be described in detail.

Polycysteine is soluble in alkaline aqueous solution when the pH value is over 8.0, but is
insoluble in alkaline aqueous solution when the pH value is below 8.0 [28]. This is due to an
equilibrium of two forms of sulfhydryl groups including thiol form (—SH) and thiolate form (-S°)
which is influenced by pH value. In basic solution with pH value over 8, most of the sulfhydryl
groups are present in thiolate form (-S°), which makes the polycysteine soluble in water.
However, when the pH value is lower than 8, most of the sulfhydryl groups are present in thiol

form, which reduces the water solubility of polycysteine.

When polycysteine is dissolved into water, an acid dissociation equilibrium occurs as shown in

the following:
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RSH & RS™ + H* Equation 2.3

The acid dissociation constant (Ka) is a measure of the degree of dissociation of an acid in

solution. For thiol groups, we get:

_ [H]x[-57] Equation 2.4
Ka = W quation

Where [ ] denotes concentration in mol/dm3. The parameter pKa is a number that indicates
how strong or weak an acid is. The relationship between pKa and Ka is given in the following

equation:

pKa = —log(Ka) Equation 2.5

Or, conversely,

Ka = 107PKa Equation 2.6

The pH scale is logarithmic and inversely indicates the concentration of hydrogen ions [H*] in

the solution. The relationship between pH and [H*] is described by the following equation:

pH = —log([H*]) Equation 2.7

Or, conversely,

[H*] = 10~PH Equation 2.8

After combination of equation Equation 2.4, Equation 2.6, Equation 2.8 and rearrangement of
them, the ratio of between thiol group (—SH) and thiolate group (-S°) can be calculated as

following:
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4 _ {opH-pKa Equation 2.9

The pKa value for the thiol group in cysteine is around 8.2. One can calculate the ratio
between thiol group and thiolate group if given a pH value according to Equation 2.9. For
example, if the pH value is 8.2, the concentration of thiol group and thiolate group will be same.
In this case, polycysteine has both the same amount of hydrophilic thiolate groups and
hydrophobic thiol groups, and this amount of thiolate groups are enough to impart the
polycysteine a good water solubility. If the pH value is 9.2, the concentration of thiolate group
will be ten times larger than that of thiol group. In this case, polycysteine shows very good
solubility in water. If the pH value is 7.2, the concentration of thiol group will be ten times larger
than that of thiolate group. In this case, the solubility of polycysteine in water will decrease,
and it even becomes insoluble in water. Therefore, polycysteine solutions are pH sensitive.
By adjusting the pH, we can assign polycysteine different degrees of hydrophobicity and

hydrophilicity.

Polycysteine in aqueous solution is easily oxidized by hydrogen peroxide or by air in the
presence of cupric ions. The oxidation product will precipitate from the basic aqueous solution
and is insoluble in the common organic solvents. It presumably consists of a 3-dimensional
network cross linked by disulfide bridges and its elemental composition corresponds to that of

polycystine [28].
2.4 Studying molecules’ structure and diffusion properties by nuclear magnetic
resonance (NMR)

Nuclear magnetic resonance spectroscopy is suitable to study static properties of the matter
(i.e. its structure) as well as dynamic properties like rotational diffusions and lateral diffusions
[29] [30]. In the following section, the basics of NMR spectroscopy will be introduced because
it is one of the most important method used in this thesis.

2.4.1 Principle of NMR spectroscopy

The principle of NMR usually involves three sequential steps: 1) generating a net magnetic
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moment in a large, constant magnetic field Bo. 2) rotating the direction of the net magnetic
moment by a weak oscillating magnetic field B1, hereby producing a transverse magnetic
moment. 3) detecting and analyzing the small electromagnetic radiation induced by the

precession of the transverse magnetic moment.

2.4.1.1 Generation of a net magnetic moment

Each atomic nucleus has four important physical properties, including mass, electric charge,
magnetism and spin[31]. Among them, magnetism and spin are two physical properties that
are closely related to NMR. The magnetism of a nucleus implies that the nucleus can interact
with a magnetic field, like a small bar magnet. The spin of a nucleus indicates that, very loosely

speaking, the atomic nucleus behaves as if it is rotating in space like a tiny planet.

The spin angular momentum $ and intrinsic magnetic moment ji are closely linked:

= 9 ¢z 3 Equation 2.10
=g—2S=vS§ quation <.

H=4g om 14

where y isthe gyromagnetic ratio, g is a dimensionless number called the g factor, g isthe

charge, and m is the mass. Both spin angular momentum and magnetic moment are vectors

and they have the same or opposite direction, depending on the value of y. For proton, y is

+2.67522 x 108 rad s* T and therefore the direction of the spin angular momentum is the

same as the direction of the magnetic moment.

Both values and directions of spin angular momentum and magnetic moment are quantized.
The values of them are determined by the spin quantum number I, and follow the following

equations:

IS|=VIT+1h Equation 2.11

@l =y-JId+1)-h Equation 2.12
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Where [ =0,

N|Rr

,1,%,2 ...6, and h stands for the reduced Planck constant (h = % and h =

6.6256 - 10734]s)

The components along magnetic field of spin angular momentum and magnetic moment, which
corresponds to their directions, are determined by magnetic quantum number m, and follow

the following equations:

|S,| =m-h Equation 2.13

|l =y -m-h Equation 2.14

Where m =—-I,—-I1+1..1—1,1. In consequence, there will be 2] +1 magnetic quantum

numbers for one spin quantum number 1.

In the following, we will combine spin angular momentum and magnetic moment together as

spin for simplicity because they are always come together. For nucleus with spin quantum

number [ = % such as H, 3C, 1°F..., there are two possible directions of spin as shown in

Figure 2.11.

1 r 3 _+1
PZ—+Ehn m= 2
P 1h ) 4

= —— N Ecdc e e o — = m=——
Z 2 2

Figure 2.11 Two possible directions of spin and its z-component.

One is parallel to the magnetic field with an angle of 54°44°. The other one is antiparallel to the
magnetic field (with an angle of -54°44°). The energies of these two directions of spin, which is

also being called Zeeman energy levels, are shown in the following equation:
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E, = —l-y-h-BO and Equation 2.15

1
Eﬁzz'y'h'Bo

Where E, corresponds to the energy of spin that parallels to the magnetic field, which also be
called a state spin. Eg corresponds to the energy of spin that antiparallels to the magnetic
field, which also be called g state spin. B, stands for the value of the external magnetic field.

The energy difference between the two spin states is therefore equal to

AE =y-h- B, Equation 2.16

Spin exhibits two forms of motions. One is precession. Spin moves like a child’s spinning top

but keep a constant angle of 54°44° or -54°44° between the spin and the field as shown in

Figure 2.12a.
(@) B, field (b) B, field
1 1
- 1 - 1
Precess in the two level Transition between spin states

Figure 2.12 (a) Precession of spins. (b) transition between spin states.

The frequency of precession w, is equal to

wo = YBy Equation 2.17

where w, is the angular frequency.
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The other form of motion of the spin is flipping. The spin can undergo transitions between the
two states as shown in Figure 2.12b. The transition of spins from « state to called £ state will
absorb energy from the surrounding environment, and transition of spins from S state to «
state will release energy to the surrounding environment. Initially, the numbers of the spins at
different states are the same. Later, spins at a state will exceed spins at § state when the
spin system reach to a thermal equilibrium, because the transition rates from one state to
another state are different. The number distribution of spins at the two different states satisfies

Boltzmann distribution:

A
&:e_kTETz1_£:1_yhBO Equation 2.18
Ng kpT kpT

Where kg is Boltzmann constant and T is the temperature.

B, field B, field

P e S
N

Figure 2.13 Thermal equilibrium.

The small exceeds of a state spins contribute to a net magnetic moment (Meq) along the

magnetic field can be used for the observation of NMR signals (Figure 2.13). The energies of
spins are released to the surrounding environment during the formation of the net magnetic
moment. Therefore, this process is also being called spin-lattice relaxation, longitudinal

relaxation or T; relaxation.

2.4.1.2 Production and precession of transverse magnetic moment

—

M., can be progressively tipping away from its initial alignment with §0, if an oscillating

magnetic field B1 perpendicular to EO with a frequency equal to the Larmor frequency of the

precession of the spin is applied to the sample. This temporary B; field is called a radio
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frequency (r.f.) pulse. Meq can be rotated by 22°, 90°, 361°, 521°, or any other amount. After

every 360° rotation, Meq returns to its initial alignment with §0. In the following, let's take a

look at the influence of 90° pulse on the individual spins for an example.

When a 90° pulse is applied to the sample, the direction of IWeq is transferred from a direction

along z-axis (EO direction) to a direction along the —y-axis as shown in Figure 2.14  a. Two
changes of the individual spins take place after the 90° pulse as shown in Figure 2.14 b. One
is that more spins at a state will absorb energy to transition into § state, which leads to an
equal distribution between the two states. The other change is that spins at both states will
experience the same phase. These two changes together contribute to the net transverse

magnetic moment.

(a) B, field and z B, field and z (b) B, field and z (c)

1 | 1 b

/ y 90° pulse ; “a ~ - —y
N\ /

1l x

Figure 2.14 (a) Direction of Meq after a pulse. (b) Direction of every one nuclear spin after a
pulse. (c) Precession of the transverse magnetization.

When the 90° pulse is turned off, Meq will progressively recover to z-axis from —y-axis. This is

achieved by two separated relaxation process which is just the opposite way of producing net
transverse magnetic moment as shown in Figure 2.14 c. One is the longitudinal relaxation
due to the flipping of spins from S stateto a state. The other one is the transverse relaxation.
Spins gradually get out of phase with each other due to slightly fluctuating microscopic

magnetic fields in the sample.

The transverse magnetic moment at a time t after the pulse has the form

M, = —M,, cos(wqt) - e~/ Equation 2.19
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M, = M, sin(wgt) - e~/

where T, denotes the so-called transverse relaxation time, or spin-spin relaxation time. The
transverse magnetic moment precesses at the nuclear Larmor frequency w,, slowly decaying

at the same time according to the spin-spin or transverse relaxation as shown in Figure 2.15.

Figure 2.15 Decay and oscillation of the transverse magnetic moment [32].

2.4.1.3 Detection and analysis of the small oscillating electric currents induced by the

precession of the transverse magnetic moment

The acquisition of the NMR signal is closely related to the transverse magnetic moment as
described above. A rotating magnetic moment generates a rotating magnetic field. Through
Maxwell’s equations, a changing magnetic field is associated with an electric field. If a wire coil
is near the sample, then the electric field sets the electrons in the wire in motion, i.e. an
oscillating electric current flows in the wire. It is possible to detect this small oscillating current
by using a sensitive r.f. detector as shown in Figure 2.16. The oscillating electric current
induced by the precessing nuclear transverse magnetization is called the NMR signal or free-

induction decay (FID).

A eiges(

/ y

X Transverse magnetization

|Waannn

NMR Signal

Figure 2.16 The induction of an NMR signal [32].
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The NMR signals described above have the same form as in Equation 2.19 and are functions
of time. The signals need to be converted into a function of frequency through various
mathematical operations including the numerical calculation called Fourier transformation (FT)

as shown in Figure 2.17.

FT — <« 2/T,

NMR Signal '
w, ®

Figure 2.17 NMR signals and its Fourier transformed frequency spectrum [32].

The horizontal axis is an angular frequency axis, marked by the symbol w. The center of the
peak is placed at the Larmor frequency of the spins, equal to w,. The peak width at half-height,
measured in rad s™, is equal to 2/T,, in units of radians per second. The faster the NMR
signals oscillates, the larger the Larmor frequency w,. The more slowly the signals decay, the
larger the decay time constant T,, also called the spin-spin relaxation time, the narrower the

spectral peak.

2.4.2 Spin interactions in molecules

The chemical structural information arises from the interaction of a nuclear spin with internal
local fields. The interaction of spins with external static magnetic field B, is known as the
Zeeman interaction, which is the strongest interaction but contains no relevant structural
information. The internal interactions include chemical shift interaction, dipole-dipole
interaction, J-coupling and quadrupole interaction. Chemical shift interaction involves an
induced magnetic field from B, field by precessing electron clouds, which gives rise to a shift
in resonance frequency. Dipole-dipole interaction arises from the fact that one nuclear spin will
experience a local dipolar field of the other. Scalar or J-coupling between nuclei is mediated
by chemical bonds, which gives rise to multiplets in the spectrum, and is therefore very useful

in establishing which nuclei are close to one another on the bonding framework [33].
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Quadrupole interaction is the interaction between nuclear electric quadrupole moment and
electric field gradients, which only exists for spins with spin quantum number larger than %

Since dipole-dipole interaction is averaged to zero due to the fast tumbling movement of
molecules in solution NMR and can be eliminated by decoupling irradiation, and quadrupole

interaction only appear for nucleus with a spin quantum number larger than % these two

interactions will not be further discussed.

2.4.2.1 Chemical shift interaction

In a magnetic field the electron clouds which precess around a nucleus will produce a local
magnetic field. This induced magnetic field gives rise to a frequency shift in NMR spectrum.
Therefore, this interaction is usually called the chemical shift interaction. The chemical shift

Hamiltonian of a spin Iis expressed by:

Hes = vil6B, Equation 2.20

The chemical shift interaction is an anisotropic interaction which is represented by a second

rank tensor . As a result of the anisotropy of the chemical shift, the resonance frequency of

a nuclear spin depends on the orientation of the nucleus or molecule relative to B, [34].

In principal axis systems (PAS) which is fixed to the molecular axes and is different for each

nucleus, the chemical shift tensor is diagonal and is given in the following:

on 0 0 Equation 2.21
EPAS == 0 0-22 0
0 0 o33

Where a,;, 0,, and g3 are the principal elements of the tensor, and o,; is the least
shielded element (shifted to down field) and o35 is the most shielded element (shifted to up

field) [34].

Viewed from the principal axis system, the direction of §0 field is defined by the polar angles

6 and ¢, as shown in Figure 2.18. It can be easily derived that the Larmor frequency of a spin
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with chemical shift interaction in a static magnetic field §0 is given by:

w = yBy(sin? 8 cos? ¢ ay; + sin? 8 sin? ¢ 0,, + cos? ¢ g33) — ¥B, Equation 2.22
033
By
0 I
I
I
Z : 022
~ o |
@ TNl
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Figure 2.18 Orientation of §0 in the principal axis system as defined by the polar angles 6
and ¢.

In a solution, where the molecules rotate randomly at fast rates, the chemical shift interaction
tensor is averaged to its isotropic value, g;,,. Therefore, the Larmor frequency of a spin is

given by

Wiso = YBo0iso — ¥ Bo Equation 2.23

Commonly, the horizontal axis in the NMR spectrum is the chemical shift §. The expression

for the chemical shift § is

5= Wiso — WTMS 106 ppm Equation 2.24
WTms
where w;, is the Larmor frequency of a particular nucleus, and wgys is the Larmor
frequency of the same isotope in a reference compound such as tetramethylsilan (TMS) which
is exposed to the same applied field. If the applied field B, is increased, then both quantities

w5, and wgys INCrease in the same proportion, so the ratio § remains constant.
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2.4.2.2 J-coupling

J-coupling, which is also called scalar coupling, is an indirect interaction between two nuclear
spins that arises from hyperfine interactions between the nuclei and the local electrons. In NMR
spectroscopy, J-coupling contains information about relative bond angles and bond distances.

It is responsible for the splitting of resonance lines in the NMR spectra of molecules.

‘Tree’ diagrams can be used to predict the form of the multiplets [33]. For example, if a spin-
half nucleus is coupled with a second spin-half nucleus, the resonance from the spin splits
symmetrically about the chemical shift into two lines, called a doublet. (Figure 2.19a) The
amount of the splitting of doublet is referred to as the coupling constant, J. It is found that the
values of coupling constants are independent of the field strength, so they are always state in
Hz. If a third spin also has a coupling to the first spin of size Ji3, another layer of branching to
the tree diagram can be added as shown in Figure 2.19b. To construct the second layer, each
line from the first layer is split symmetrically into two with the splitting being Ji3, which leads to
a four-line-multiplet which is called a doublet of doublets. If the two constants, Jiz and Jio, are
equal, the two peaks in the middle will overlap with each other, which will produce a triplet with

a ratio of integral as 1: 2: 1.
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Figure 2.19 lllustration of how multiplets are built up as a result of scalar coupling.

Scalar coupling arises between different protons through electron clouds, and it is not affected
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by the orientations of molecules in a magnetic field. Equivalent protons, such as protons in a
methyl group (fast single bond rotation) and protons in ethylene (symmetry), wouldn’t induce

scalar coupling.

2.4.3 Study diffusion properties of molecules

Dissolved molecules in a fluid medium undergo two distinct type of diffusive motions. One is
lateral self-diffusion which is also known as Brownian motion. The other one is rotational
diffusion. In this section, we will introduce some basis on studying diffusive motions of

molecules by NMR.

2.4.3.1 Lateral diffusion of molecules

Pulse field gradient (PFG) NMR is a very powerful experimental technique for the direct
observation of lateral diffusion of molecules. A PFG NMR experiment normally uses an echo

pulse sequence combined with a pair of gradient pulses with a certain spacing A. (Figure 2.20)

Ty

Echo signal
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Figure 2.20 Pulse sequence in PFG NMR experiment [35].

Simulated echo sequence is used because the echo decay is determined by spin-lattice
relaxation which always have time constants in the range of seconds for both small and large
molecules. It consists of three successive 90° pulses. The first 90° pulse create transverse
magnetization. The second 90° pulse transfers isochromats of the transverse magnetization
into —z-direction. The third 90° pulse refocused the transverse magnetization. The pulse
gradients with a gradient strength G and duration & are applied between the first and second

and immediately after the third 90° pulse [30].
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Then, it measures the echo intensity I. The larger distance a molecule moves during the
gradient pulse spacing A, the smaller the intensities of echo signals will be. The data obtained
from the experiment are plotted in a Stejskal-Tanner plot, which represents the echo intensity
with respect to the original value I, (for G = 0) at increasing gradient strengths (Figure 2.21).
The Stejskal-Tanner plot was first introduced by E. O. Stejskal and J. E. Tanner in 1965 [36].
The slope of the plot provides information about the diffusion coefficient of the molecules under

different conditions, such as free diffusion and restricted diffusion.

i Stejskal-Tanner-Plot

7 free diffusion

hindered diffusion

“9—>
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v

y2G20%(A-6/3)
Figure 2.21 Stejskal Tanner plot [35].

In the case of free diffusion with a diffusion coefficient D, the decay of echo signal satisfies the

following equation,

I 10) ;
== hy = exp [—]/252GZD (A _ §>] Equation 2.25
0

Therefore, the slope of the decay curve corresponds to the diffusion coefficient D of molecules.

If molecules were partly encapsulated by capsules or vesicles, the situation becomes more
complicated. In the case of very small capsules or vesicles with diameters significantly below
1 pm, the diffusion constant of encapsulated molecules is dominated by the Brownian motion
of capsules if large gradient pulse spacing is applied. Therefore, the decay curve consists of
two sections. The large slope of the first section of the curve corresponds to a self-diffusion

constant of free dissolved molecules. The small slope of the final sections of the decay curves
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corresponds to the diffusion constant of Brownian motion of capsules or vesicles [37].

2.4.3.2 Rotational diffusion of molecules

Rotational correlation time 7. is defined to quantify the rotation rate of a molecule, which is
the average time it takes for a molecule to end up at an orientation about 1 radian from its
starting position. The rotation of a molecule is a source of relaxation because it will result in
the modulation of the local fields due to both the dipolar interaction and the chemical shift
anisotropy (CAS). A plot of the rate constants for longitudinal (R,,) and transverse (R;)
relaxation as a function of the correlation time is shown in Figure 2.22. The fast motion limit, in
which the two rate constants are equal, is seen when 7. is small. As the correlation time
increases, the longitudinal relaxation rate constant eventually reaches a maximum when
woT. = 1. As the correlation time increases further, R, falls off steadily. While the transverse

relaxation rate constant goes on increasing with 7. [33].

Figure 2.22 Plot of the rate constants for longitudinal and transverse relaxation, caused by
random fields, as a function of the correlation time, ..

The practical consequence of these observations is that for large molecules, which tumble
slowly and so have long correlation times, transverse magnetization decays away to zero much

more quickly than the z-magnetization recovers to equilibrium.

Fast rotation of a dissolved molecule with 7, < 100 ms will lead to both longer T, relaxation
times and narrow line in the spectrum due to almost complete averaging of all angular
dependent contributions including dipolar interaction and the chemical shift anisotropy. (Figure
2.23a) If a molecule formed nanoparticle dispersion, its correlation time 7, would increase

dramatically due to the reduced rotational diffusion of the particles, which will lead to both
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shorter T, relaxation times and broad line in the spectrum. (Figure 2.23b) Therefore, NMR
spectra line shape can be used to differentiate between all solid constituents from those in the
liquid phase [29]. The correlation time of molecules which formed a nanoparticle can be
approximately determined by comparison between the experimental spectrum and the

simulated reference line shapes [30].

(@) (b)

A
WA

time —» . time —»
frequencz frequencz

Figure 2.23 Graphic representation of the dependence of NMR time signal after 90° pulse
and the corresponding frequency spectrum on molecules with (a) extremely fast
rotational diffusion and (b) extremely slow rotational diffusion [30].

2.5 Studying nano-capsules

The size distribution and morphology are two important parameters that influence the
performance of capsules. Therefore, two important methods including video microscopic

particle tracking and atomic force microscopy were introduced in this chapter.

2.5.1 Determination of capsule size distribution by video microscopic particle tracking

The size and size distribution of nanocapsules were determined by video microscopic particle
tracking. The principle of this method is based on Einstein’s Brownian motion equation of
nanoparticles. The instrumentation includes a transmitted dark field microscope together with
a CCD camera and a particle tracking program. The patrticle tracking program can determine
mean square displacement of every nanoparticle under the given room temperature and

viscosity with respect to a given time interval 4, and then assign individual particle sizes
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according to Einstein’s Brownian motion equation. We will introduce this method in detail in the

following subsections.

2.5.1.1 Brownian motion and Einstein’s theory

British botanist Robert Brown first reported the phenomenon that tiny particles from plant pollen
would move irregularly in water in 1827. In 1905, theoretical physicist Albert Einstein published
a paper where he attributed the irregular motion of pollen particles to the random collision of

water molecules, and he derived an equation for particles Brownian motion as following [38]:

R-T-A

_3'7T'77'NA'X_2

Ry Equation 2.26

Where Ry stands for hydrodynamic radius of particles, R stands for universal gas constant,
N, stands for Avogadro constant, T stands for temperature, 4 stands for time interval for the
movement, n stands for viscosity of fluid medium, x2stands for mean square displacement of

individual nanoparticle during 4.

There are two parts to Einstein's theory. The first part consists in the formulation of a diffusion
equation for Brownian particles, which relates the diffusion coefficient of particles to the
statistical mean square displacement of the particles and a given time interval A. In this part,
Einstein firstly lets f = f(x,t) be the probability density that a Brownian particle is at x at
time t in an one dimensional space. Then, making certain probabilistic assumptions, he

derived that f satisfies the diffusion equation:

of _ 9*f Equation 2.27
ot 0x?
Where D is a positive constant, called the coefficient of diffusion. Assuming that N particles
start from the origin at the initial time t = 0, the diffusion equation has the solution:
xZ

flx,t) = e 4Dt Equation 2.28

Vva4nDt

Thus the average value of the squares of displacements (x2) of a Brownian particle, in a time
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interval t = 4 is Equation 2.29, which is also called Einstein-Smoluchowski Equation:

x2 = 2DA Equation 2.29

The second part consists in relating the diffusion coefficient to measurable physical quantities,
such as particle size, temperature, viscosity of continuous phase liquid. In this part, Einstein
derived that the diffusion constant of a spherical particle in a fluid medium satisfies the following

equation, which is also being called the Stokes -Einstein equation:

D= RT Equation 2.30
6mnNyRy
The initial Equation 2.26, which is Einstein’s Brownian motion equation, can be obtained by

eliminating the diffusion coefficient D in Equation 2.29 and Equation 2.30.

2.5.1.2 Dark-field microscopy

A dark-field microscope is an optical microscope that differs from a bright-field microscope only
in the light path between the light source and the objective lens. For bright-field microscope,
the light is focused onto the sample by condenser lens, and the directly transmitted light enters
the objective lens. For dark-field microscope, light is focused onto the sample by a special
dark-field condenser lens, but the directly transmitted light simply misses the objective lens,

and only the scattered light enters the objective lens (Figure 2.24).
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[E] Objective lens

Directly transmitted light

‘\w/
[ o ]
ﬁ ? dark-field condenser lens

Light source

Figure 2.24 Light path of dark-field microscopy.

If a colloidal dispersion is now observed in the bright-field microscope, we can see a dark object
on a bright background, because some of the light is absorbed by the particles. In contrast, a
dark-field microscope displays white pixels on a dark background, because the particles scatter
the incident light according to the Tyndall effect, whereby a certain proportion of the scattered

radiation is directed into the objective.

One advantage of dark-field microscope is that it has a very high contrast between the light

intensity of the background and the object, as the following equation illustrates [39]:

K = Ibackground - Iobject Equation 2.31
Ibackground + Iobject

Where K represents contrast, and [ represents intensity.

When the intensity of the background tends toward O, the contrast tends toward -1. This
denotes optimal contrast and means that perceptibility is determined only by the intensity of

the light scattered from the object.

Another advantage is that this method is not limited by the resolution according to Abbe

(Equation 2.32), which determines the resolution of the bright-field microscope:
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d=k —2 Equation 2.32
n - sin(0)
Where d represents dissolution, k is constant (mostly 0.3 — 1.1), A represents wavelength
of the irradiated light, n represents refractive index of the medium, sin(#) represents half the

aperture angle of the entering light.

The limitation of dark field microscopy is the scattering intensity of the observed particles, which
depends on both the particle diameter d and the wavelength A of the irradiated light as

described by Rayleigh in Equation 2.33:

de Equation 2.33

2.5.1.3 Particle tracking system

Particle tracking is performed using a combination of dark field microscopy with a CCD camera
(Charged-Couple-Device) and the program "Advanced Nanoparticle Tracking" (ANT). The
determination of the particle size distribution consists of several steps, including data
acquisition, image restoration, particle detection and tracking, and finally the calculation of
individual particle sizes and their compilation into histograms [39] [40]. In ‘data acquisition’ step,
the program controls the CCD camera and store the image data in the RAM. The aim of ‘image
restoration’ is to remove digitization errors and static elements of the image background as
well as the continuous background noise. In ‘particle detection and tracking’ step, the particles
undergoing Brownian motion are identified and their trajectories are tracked. Then, the average
of the squared displacements of each particle under Brownian motion and the time required
are inserted into Einstein’s Brownian motion equation (Equation 2.26) and a hydrodynamic
particle radius of each particle is calculated. In the final step, all calculated particle radii are
saved within a continuous table. A size histogram is then created from this table by determining

the number of particles per 10 nm wide size range.

The advantage of this method over other particle size measurement methods is that an

absolute measurement of all particles in the field of view can be performed. Because this
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method is particle by particle, the resultant size distribution is of high resolution. The reliability
of the particle size results is related to the accuracy of the Brownian motion trajectory of the
particles obtained by the program. Therefore, there are three requirements in sample
preparation. First, the sample needs to be optimally diluted, otherwise the program may obtain
incorrect trajectories due to the overlapping of each particle in the field of view. Second, slides
and cover glasses with hydrophobic surfaces are to be used to reduce the surface tension
between the liquid and the glass surface as well as minimize the attractive interactions between
the particles and the two glass surfaces. Lastly, the edges of cover glasses need to be sealed
with wax in case that external influences such as convection have some effects on the
trajectories. In addition, the light source used in our dark field microscope is green light
because green light does not tend to raise the samples’ temperature, which have an effect on

the results as well.

2.5.2 Determination of capsule morphology and strength by atomic force microscopy

The morphology and mechanical strength of the capsules are characterized by atomic force
microscopy. In this subsection we will describe this technique of scanning atomic force
microscopy. The atomic force microscope (AFM) is one type of scanning probe microscopy
(SPM), which can be used to study topography, mechanical properties and composition of a
wide range of samples, including atoms, molecules, molecular aggregates, and cells. The
advantages of AFM are that the sample preparation is easy and the measurement can be
operated in a number of environments, including ambient air, ultra-high vacuum (UHV), and

even liquids [41].

A normal AFM consists basically of three parts. One is the AFM head, which is where all the
scanners, lasers and detectors are. Another one is the controller, which controls all the
movement of the cantilever in the head. The last one is PC with the graphical unit interface for
users to easily control the AFM system. Since the AFM system is very sensitive and all
vibrations might disturb the measurements, it is usually mounted on an active damping table

as shown in Figure 2.25.
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Figure 2.25 Picture of an AFM system on an active damping table.

The basic principle of AFM is that the local attractive or repulsive force between the tip and the
sample is converted into a deflection of the cantilever. (Figure 2.26) Cantilever is a critical part
of AFM head, which is a plate spring and is fixed at one end. At the other end it supports a
pointed tip, which will have an interaction with sample surface when it gets close to the sample.
If the interaction between the tip and sample surface is attractive, the cantilever will deflect

towards the surface. If it is repulsive, the cantilever will deflect away from the surface.

Cantilever
deflection

1. Force interaction

W

Sample

Figure 2.26 Cantilever deflection due to force interaction between cantilever and sample [42].

The most common way to detect the deflection of the cantilever is the beam deflection method.

The schematic representation of this approach is shown in Figure 2.27. A detection laser is
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focused on the end of the cantilever and is then reflected onto a photodiode array. Most
photodiode arrays contain four quadrants that allow for a precise measure of the displacement
of the laser spot as the tip position changes during an image scan. As the tip makes contact
with the surface and scans over features, the cantilever bends back and force, causing the
laser position on the photodiode to shift. These signals from individual photodiode quadrants
of the detector are compared to calculate the deflection signal. The vertical deflection of the
cantilever can be determined by comparing the signals from the ‘top’ and ‘bottom’ halves of
the detector. The lateral deflection of the cantilever can also be calculated by comparing the
signals from the ‘left’ and ‘right’ halves of the detector.
Deflection signal

(A+B)-(C+D)
(A+B)+(C+D)

}

Cantilever deflection

P 1 Attraction or repulsion
Sample i

Figure 2.27 Detection of cantilever deflection by beam deflection method [42].

One possible way to obtain the sample surface image is scanning laterally over the surface
without changing the height of the cantilever and just measuring the deflection signals. This is
known as ‘constant height’ imaging, but it is not the most common way. The most common
procedure to obtain the sample surface image is to use some form of feedback loop to monitor
the cantilever response, and adjust the height of the cantilever accordingly to take account of
the changes in surface height. In this case, the base of the cantilever is moved up and down

over higher or lower parts of the sample.

‘Contact mode’ and ‘taping mode’ are two most common imaging modes, in which two different
forms of cantilever response are used as the feedback signal. In contact mode, a value of the

cantilever deflection (set point) is selected for the feedback system. The feedback system
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adjusts the height of the cantilever to keep this deflection constant as the tip moves over the
surface. In contact mode, deflection of cantilever varies with the change of repulsive force
between tip and sample, which depends on the distance between tip and sample, and this
leads to beam position changes on the photodiode. The tip bends more when the repulsive
force gets bigger. The scan procedure of contact mode is as follows. First, a set point
(deflection degree) is made for the system. Second, the tip start approaching to the sample
surfaces until the cantilever reaches the set point (deflection degree). Third, the tip start scan
and during the scanning, feedback moves Z scanner up and down to maintain the constant
deflection degree of the cantilever, and finally a topography information of the sample surface
will be obtained. The disadvantage of contact mode is that some deformation may happen on

the sample surface due to the very short distance between the tip and sample surface.

In taping mode, the cantilever is driven to oscillate near the resonance frequency by a piezo
crystal, a value of oscillation amplitude (set point) is selected for the feedback system. The
feedback system adjusts the height of the cantilever to keep this oscillation amplitude constant
as the tip moves over the surface. Before the approaching of the cantilever to the sample
surface, the amplitude of the oscillation is related to the driven frequency. The closer of the
driven frequency to the resonance frequency, the larger the amplitude of the oscillation. After
a certain driven frequency is choose and the approaching of the cantilever to the sample
surface, the attractive or repulsive force will have an influence to the amplitude of the oscillation
at that choose driven frequency. The larger the attractive or repulsive force in between the tip
and sample surface, the smaller the amplitude of the oscillation. A driven frequency near the
resonance frequency is usually used for the oscillation, and the amplitude for the set point is
usually smaller than that for the free oscillation (70% amplitude of the free oscillation). The
scan procedure of taping mode is the same as that of contact mode except that the amplitude
of the oscillation is used for the feedback. The feedback maintains the amplitude of the
oscillation constant by moving the Z scanner. Apart from that, the height image could be
obtained, a phase image which gives information about the mechanical properties of the
sample surfaces can be obtained as well because the changes of different materials can

influence the phase of the oscillation of the cantilever.
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3 Materials and methods

3.1 Chemicals used

The chemicals used in this thesis are all listed in Table 3.1. All chemicals were used as they

were received.

Table 3.1  Chemicals used.
Short
Chemical or CAS-RN | Provider Purity
name
TCI Deutschland GmbH | >98%
B-Benzyl-L-aspartate BnAsp 2177-63-1 BLD Pharmatech GmbH | 97%
S-Benzyl-L-cysteine BnCys 3054-01-1 | Alfa Aesar 99%
- L-
S-Carbobenzoxy CbzCys | 1625-72-5 | BLD Pharmatech GmbH | 95%
cysteine
Carl Roth GmbH + Co.
L-Phenylalanin Phe 63-91-2 Kgr ofh Bm © | 290%
Phenyl chloroformate PCF 1885-14-9 | Alfa Aesar 99%
-Ni |
4-Nitropheny NPCF | 7693-46-1 | TCI Deutschland GmbH | >98%
chloroformate
n-Butylamine n-BuNH, | 109-73-9 | Alfa Aesar 99%
Th Fisher Scientifi
Chloroform CHCl; | 67-66-3 Incermo ISherSCientilic | 99 979%
Deuterated chloroform CDCls; 865-49-6 | Deutero GmbH 99.8%
Deuterated dimethyl
euterate MY bMsO-d6 | 67-68-5 | Deutero GmbH 99.8%
sulfoxide
Th Fish ientifi
Diethyl ether DEE 60-29-7 Incermo isher Scientific | g9 5o,
99.5%,
: . Acros Organics | with
N,N-Dimethylacetamide DMAc 127-19-5 BVBA. molecular
sieve
Dithiothreitol DTT 3483-12-3 | TCI Deutschland GmbH | >98.0%
Th Fisher Scientifi
Ethyl acetate EA 141-78-6 Incermo ISErSCIeNtlc | 599.8%
Th Fisher Scientifi
n-Hexane n-Hex 110-54-3 lnCermo ISherscientiic 295%
o
. : 10035-10- | Thermo Fisher Scientific _33/0 HE.Sr
Hydrobromic acid HBr in acetic
6 Inc. :
acid
Hydrogen peroxide H202 7722-84-1 | Alfa Aesar 35%
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aqueous
solution
| Roth H + )
Magnesium sulfate MgSOq4 7487-88-9 f(:?;r oth Gmb co 299%
Perfluorodecalin PFD 306-94-5 J&K Scientific Ltd. 95%
Th Fisher Scientifi
Sodium chloride NaCl 7647-14-5 Incermo ISNETSCIBNTIC | 599.5%
Sodium hydroxide NaOH 1310-73-2 | Bernd Kraft GmbH 1M
Sodium sulfate Na,SO,4 7757-82-6 | VWR International, LLC | 298.0%
Trifluoroacetic acid TFA 76-05-1 TCI Deutschland GmbH | >99%
Trifl th [foni
g TOTANGSHIONE  TEMSA | 1493-13-6 | TCI Deutschland GmbH | >98%

3.2 Syntheses of PFD in water emulsions stabilized by diblock polypeptide

surfactants

3.2.1 Syntheses of activated amino acid monomers

3.2.1.1 Synthesis of N-phenoxycarbonyl-8-Benzyl L-aspartate (NPBnAsp)

NPBnAsp was synthesized following the procedure of Kamei et al. [43] Briefly, B-benzyl-I-
aspartate (12.8 g, MM = 223.23 g/mol, 57.3 mmol) was dispersed in 100 mL of ethyl acetate,
and then phenyl chloroformate (10.5 g, MM = 156.57 g/mol, 67.1 mmol) was added into the
reaction system under nitrogen atmosphere. The reaction mixture was stirred at 45 °C for 48
h. The reaction mixture was washed twice with distilled water and saturated aqueous NaCl
solution, dried over anhydrous Na,SOs, filtered, concentrated by a rotary evaporator. After
recrystallization with ethyl acetate/n-hexane, the product was obtained as white powder (8.1 g,

MM = 343.34 g/mol, 23.6 mmol, yield: 41.2 %).

3.2.1.2 Synthesis of N-phenoxycarbonyl-L-Phenylalanine (NPPhe)

NPPhe was synthesized as reported by Yamada et al. [44] L-Phenylalanine (2.2 g, MM = 165
g/mol, 13.3 mmol) was dispersed in 20 mL of methanol, and then 40 % tetrabutylammonium
hydroxide in methanol (9.5 mL, 1.4 mmol/mL, 13.3 mmol) was slowly added at room
temperature. After stirring for 1 h, the solvent was removed using a rotary evaporator. The
resulting residues were dispersed in 20 mL of acetonitrile and then added to a stirred solution
of DPC (2.9 g, MM = 214.22 g/mol, 13.4 mmol) in 20 mL of acetonitrile. After the reaction
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mixture was stirred at room temperature for 3 h, 10 mL of water was added to the above system
to stop the reaction. After the mixture was acidified to pH 2 using 1 M HCI, it was extracted
with 30 mL ethyl acetate. The organic fractions were washed with saturated NaCl aqueous
solution, dried over anhydrous Na.SOs, filtered, and concentrated by a rotary evaporator to
give a yellowish oil. The oil was purified by column chromatography (ethyl acetate : n-hexane
= 3:7), and then recrystallized with the same ethyl acetate/n-hexane mix to give the product as

white powder. (1.3 g, MM = 285 g/mol, 4.4 mmol, yield: 33.2 %)

3.2.2 Synthesis of polypeptide through polymerization of activated amino acid monomers

3.2.2.1 polymerization of NPBnAsp

NPBnAsp (8 g, MM = 338 g/mol, 23.7 mmol, 50 eq) was dissolved in anhydrous DMAc, and
then n-Butylamine (47.4 uL, 0.01 mmol/uL, 0.474 mmol, 1 eq), was added into the above
solution under the protection of nitrogen. The reaction was allowed to proceed for 48 h at 60 °C.
Subsequently, the reaction mixture was precipitated into a large amount of diethyl ether, filtered,
washed with diethyl ether, and dried under vacuum for 24 h to get the final product as a white
solid (3.85 g, M, = 8250 g/mol, 0.47 mmol). The given number average of MM (M, = 8250
g/mol) was calculated from the *H NMR spectrum of the resulting Bu-BnAspnm. It corresponds

to an average chain length of m = 40 units.

3.2.2.2 Polymerization of NPPhe using Bu-BnAspso as macromolecule initiator

Bu-BnAspa4o was dissolved in anhydrous DMAc, and then NPPhe (variable equivalents to the
initiator) was added into the above solution under the protection of nitrogen. The reaction was
allowed to proceed for 2 d at 60 °C. Subsequently, the reaction mixture was precipitated into
a large amount of diethyl ether, filtered, washed with diethyl ether, and dried under vacuum for

24 h to get the final product as a yellowish solid.

The syntheses of protected polypeptide are summarized in Table 3.2.

Table 3.2  Summarized syntheses of Bu-BnAspao-Phen.
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Syn:he5| initiator monomer Product Qu?’nut Yield
Butylamine
(34.7 mg, NPBnAsp (8 g, 338, 79.3
1 Bu-BnA :
73.14,0.474 | 23.7 mmol, 50 eq.) UwBnAspio | 3859 1
mmol)
Bu-BnAspao
NPPhe (119 mg, 285, Bu-BnAspao- 86.3
2 (496 mg, 8250, | -, 42€rr(1molm79e ) ’ Prr:esp40 481mg |
0.06 mmol) ' (86 ° °
Bu-BnAspao
NPPhe (240 mg, 285, Bu-BnAspao- 87.6
3 (504 mg, 8250, 0 84em(mol TA? eq.) ; Pr;eSIO40 S50 mg %
0.06 mmol) ' 14 86 ° °
Bu-BnAspao
NPPhe (500 285 Bu-BnAspao- 91.0
4 (500 mg, 8250, | 75em(mol r;g eq) ; Pge | 690 mg %
0.06 mmol) ) ’ e " °

3.2.2.3 De-protection of Bu-BnAspae-Phe,

Bu-PBnAsp4o-PPhe, was dispersed in trifluoroacetic acid (TFA), then 33% HBr in acetic acid
(10 equiv. of HBr per protecting group) was added into the above solution under the protection
of nitrogen. The reaction was allowed to proceed for about 5 h at room temperature.
Subsequently, the reaction mixture was precipitated into a large amount of diethyl ether and
washed with diethyl ether. Finally, it was dried under vacuum to get the raw product as a yellow

solid.

The De-protection reactions of di-block peptide are summarized in Table 3.3.

Table 3.3  Summarized de-protection reactions of Bu-BnAspae-Phen.

Synthesi . 33% HBr/ .
s Protected peptide TFA CH.COOH Product Quantity
270 mg,
Bu-BnAsp4o-Phes (4
1 u-BnAspa-Phes (400, 2 mL Bu-Aspso-Phes | 5400, 50
mg, 9000, 44 pmol)
pmol
303.4 mg,
Bu-BnAspa4o-Pheg (408
2 mg, 9600, 42.5 ymol) 4 mL 2 mL Bu-Aspso-Pheg | 6000, 50.6
pmol
224.7 mg,
Bu-BnAsp4o-Phe14 (300 BU-ASp4o-
L 1.5mL 7 .
3 mg, 10300, 29 pmol) | > ™ Sm Phes 6 (:J?T’]:f S
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3.2.3 Preparation of PFD/water emulsion stabilized by diblock peptide emulsifier

100 mg peptide was dispersed in 10 mL water and a few drops of sodium hydroxide aqueous
solution (1 M) was added into it under stirring. Peptide sodium hydroxide aqueous solution with
a concentration about 10 mg mL™ could be obtained after several minutes of stirring. A few
drops of hydrogen chloride aqueous solution (1 M) were added to adjust the pH value to around

pH 7.

2.5 mL previously prepared polypeptide aqueous solution was diluted to 10 mL, and 100- 500
ML of PFD was added into it. The mixture was treated with ultrasonication (50- 70% power) for

2-5 min to obtain the emulsions.

3.3 Syntheses of oligo- and polycysteines

3.3.1 Synthesis of activated amino acid monomers

3.3.1.1 Synthesis of N-phenoxycarbonyl-S-benzyl-L-cysteine (NPBnCys)

NPBnCys was synthesized as reported by Yamada et al. [45] S-Benzyl-L-cysteine (3.86 g, MM
= 211.28 g/mol, 18.3 mmol) was dispersed in 20 mL of methanol, and then 40 %
tetrabutylammonium hydroxide in methanol (13.1 mL, 1.4 mmol/mL, 18.3 mmol) was slowly
added at room temperature. After stirring for 1 h, the solvent was removed using a rotary
evaporator. The resulting residues were dispersed in 20 mL of acetonitrile and then added to
a stirred solution of DPC (4.0 g, MM = 214.22 g/mol, 18.6 mmol) in 20 mL of acetonitrile. After
the reaction mixture was stirred at room temperature for 3 h, 10 mL of water was added to the
above system to stop the reaction. After the mixture was acidified to pH 2 using 1 M HCI, it
was extracted with 30 mL ethyl acetate. The organic fractions were washed with saturated
NaCl aqueous solution, dried over anhydrous Na,SO., filtered, and concentrated by a rotary
evaporator to give a yellowish oil. The oil was purified by column chromatography (ethyl acetate:
n-hexane = 3:7), and then recrystallized with the same ethyl acetate/n-hexane mix to give the

product as white powder. (2.07 g, MM = 331 g/mol, 6.3 mmol, yield: 34.2 %).
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3.3.1.2 Synthesis of N-phenoxycarbonyl-S-Carbobenzoxy-L-cysteine (NPCbzCys)

S-Carbobenzoxy-L-cysteine (4.7 g, MM = 255.29 g/mol, 18.4 mmol) was dispersed in 30 mL
of ethyl acetate, and then phenyl chloroformate (3.2 mL, MM = 156.57 g/mol, 8 mmol/mL, 25.6
mmol) was added into the reaction system under nitrogen atmosphere. The reaction mixture
was stirred at 45 °C for 24 h. The reaction mixture was washed twice with distilled water and
saturated aqueous NacCl solution, dried over anhydrous Na,SOs, filtered, concentrated by a
rotary evaporator. After recrystallization with ethyl acetate/n-hexane, the product was obtained

as white solid (2.1 g, MM = 375.4 g/mol, 5.6 mmol, yield: 30.4 %).

3.3.1.3 Synthesis of N-(4-nitrophenoxycarbonyl)-S-Carbobenzoxy-L-cysteine (NNPCbzCys)

S-Carbobenzoxy-L-cysteine (3.7 g, MM = 255.29 g/mol, 14.5 mmol) was dispersed in 50 mL
of ethyl acetate, and then 4-nitrophenyl chloroformate (2 g, MM = 201.56 g/mol, 9.9 mmol) was
added into the reaction system under nitrogen atmosphere. The reaction mixture was stirred
at 45 °C for 24 h. The reaction mixture was washed twice with distilled water and saturated
aqueous NaCl solution, dried over anhydrous Na;SO., filtered, concentrated by a rotary
evaporator. After recrystallization with ethyl acetate/n-hexane, the product was obtained as

white powder (2.13 g, MM = 420 g/mol, 5.1 mmol, yield: 35.2 %).

3.3.2 Synthesis of peptide through polymerization of activated amino acid monomers

3.3.2.1 Polymerization of NPBnCys

NPBnNCys (variable equivalents to the initiator) was dissolved in anhydrous DMAc, and then n-
butylamine was added into the above solution under the protection of nitrogen. The reaction
was allowed to proceed for 24 h at 60 °C. Subsequently, the reaction mixture was precipitated
into a large amount of diethyl ether, filtered, washed with diethyl ether, and dried under vacuum

for 24 h to get the final product as a white solid.

3.3.2.2 Polymerization of NPCbzCys

NPCbzCys (0.98 g, MM = 375.4 g/mol, 2.66 mmol) was dissolved in 3 mL of anhydrous DMAc,

and then n-butylamine (17.8 pL, 0.01 mmol/yL, 0.178 mmol), was added into the above
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solution under the protection of nitrogen. The reaction was allowed to proceed for 48 h at 60 °C.
Subsequently, the reaction mixture was precipitated into a large amount of diethyl ether, filtered,
washed with diethyl ether, and dried under vacuum for 24 h to get the final product as a brown

solid (25 mg). This given, the yield is considered to be too small.

3.3.2.3 Polymerization of NNPCbzCys

NNPCbzCys (variable equivalents to the initiator) was dissolved in anhydrous DMAc, and then
n-butylamine was added into the above solution under the protection of nitrogen. The reaction
was allowed to proceed for 48 h at 60 °C. Subsequently, the reaction mixture was precipitated
into a large amount of diethyl ether, filtered, washed with diethyl ether, and dried under vacuum

for 24 h to get the final product as a yellow solid.

Polymerization reaction conditions and their results are summarized in Table 3.4.

Table 3.4  Summarized synthesis of Bu-BnCys. or Bu-CbzCys..

Synthe temperat anti
4 . initiator monomer P time | Product Quanti Yield
sis ure ty
Butylamine
NPBNCys (1
(7.31 mg, ys ( Bu- 460 | 78.9
1 9,331, 3 60 °C 24 h
73.14, 100 BnCysazo mg %
mmol, 30 eq.)
pmol)
Butylamine
NPBNCys (1
(43.88 mg, ys ( Bu- 69.0
2 9,331, 3 60 °C 24 h 402 mg
73.14, 600 BnCyss %
mmol, 5 eq.)
pmol)
Butylamine NPCbzCys
13.02 mg, 0.98 g, 375,
3 (13.02mg, | (098¢ 60°C | 48h . trace | 0%
73.14, 178 y | 2.60 mmol, 15
mol) eq.)
Butylamine NNPCbzCys
g 1g, 420, 2. Bu- 100. 17.
4 (5.78 mg, (19, 420,2.38 60 °C 30h u 00.8 9
73.14, 79 mmol, CbzCyss mg %
pmol) 30eq.)
Butylamine
NNPCbzCys
3.44 mq, Bu- 196.3 | 34.8
5 (344mg, | 1§ 420,238| 60°C | 48h N
73.14, 47 CbzCysis mg %
mmol, 50 eq.)
pmol)
6 Butylamine NNPCbzCys 30°C 48 h Bu- 264.7 | 25.8
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(10.53 mg, (1.818 g, 420, CbzCysi7 mg %
73.14, 144 | 4.33 mmol, 30
pmol) eq.)
Butylamine NNPCbzCys
7 (1.83 mg, (520 mg, 420, 30 °C 48 h Bu- 67.3 23.0
73.14, 25 1.24 mmol, 50 CbzCysis mg %
pmol) eq.)

3.3.3 Deprotection of protected peptides

3.3.3.1 Deprotection of Bu-BnCys;

Bu-BnCys. was dispersed in CFsCOOH, then of triflic acid (10 eq. of the benzyl groups) was
added into the above solution under the protection of nitrogen. The reaction was allowed to
proceed for 5- 20 h at 40 °C. Subsequently, the reaction mixture was precipitated into a large
amount of diethyl ether and washed with diethyl ether. Finally, it was dried under vacuum to

get the raw product as a brown solid.

3.3.3.2 De-protection of Bu-ChzCys.

Bu-CbzCys. was dispersed in CFsCOOH, then 33% HBr/CF;COOH (10 eq. of the Cbz groups)
was added into the above solution under the protection of nitrogen. The reaction was allowed
to proceed for 3 h at 20 °C. Subsequently, the reaction mixture was precipitated into a large
amount of diethyl ether and washed with diethyl ether. Finally, it was dried under vacuum to

get the raw product as a brown solid.

The synthesis of Bu-Cys. is summarized in Table 3.5.

Table 3.5  Summarized de-protection reaction of Bu-BnCys, or Bu-CbzCysc.

Synthesi Time and Produ
< Protected peptide | TFA Acid temperatur - Quantity
e
triflic acid
(1.38 mL,
1 Bu?;ngOCy;éO ;T’J?:orgg’ n?L 15.5mmol, | 5 h, 40 °C CE;:;O 356 mg
T 10 eq of
Bn)
2 Bu-BnCyss (184 mg, 3 triflic acid 19 h, 40 °C Bu- 186.7 mg
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1230, 76.3 pmol)

mL

(2.38 mL,
15.5 mmol,
10 eq of
Bn)

Cyss

Bu-CbzCys;7 (100
mg, 4100, 24.4 ymol)

mL

33% HBr/
CH3COOH
(0.74 mL,
4.22 mmol,
10 eq of
Chz)

2.5h,25°C

Bu-
Cysn

60.2 mg

Bu-CbzCysis (176
mg, 4330, 40.6 ymol)

mL

33% HBr/

CH3;COOH
(2 mL, 5.70
mmol, 10

eg of Chz)

3h,25°C

Bu-
Cysis

88.5 mg

Bu-CbzCys;s (56 mg,
4330, 12.9 ymol)

mL

33% HBr/
CH3;COOH
(0.5 mL,
2.85 mmol,
10 eq of
Chz)

3h,25°C

Bu-
Cysis

30.0 mg

3.4 Syntheses of PFD filled triblock polypeptide capsules

3.4.1 Synthesis of the homopolymers, the diblock-peptide, and the triblock-peptide

3.4.1.1 Synthesis of Bu-BnAspn

NPBnAsp (variable equivalents to the initiator) was dissolved in anhydrous DMAc, and then n-

butylamine, was added into the above solution under the protection of nitrogen. The reaction

was allowed to proceed for 1-3 d at 60 °C. Subsequently, the reaction mixture was precipitated

into a large amount of diethyl ether, filtered, washed with diethyl ether, and dried under vacuum

for 24 h to get the final product as a white solid.

3.4.1.2 Synthesis of Bu-BnAspm-CbzCys. or Bu-BnAspm-BnCys.

Bu-BnAspm was dissolved in anhydrous DMAc, and then NPBnCys or NNPCBzCys (variable

equivalents to the initiator), was added into the above solution under the protection of nitrogen.

The reaction was allowed to proceed for 1-3 d at 60 °C. Subsequently, the reaction mixture

was precipitated into a large amount of diethyl ether, filtered, washed with diethyl ether, and
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dried under vacuum for 24 h to get the final product as yellow solid.

3.4.1.3 Synthesis of Bu-BnAspm-CbzCysc-Phe, or Bu-BnAspm-BnCysc-Phen

Bu-BnAspm-CBzCys. or Bu-BnAspm-BnCys: was dissolved in anhydrous DMAc, and then

NPPhe (variable equivalents to the initiator), was added into the above solution under the

protection of nitrogen. The reaction was allowed to proceed for 1-3 d at 60 °C. Subsequently,

the reaction mixture was precipitated into a large amount of diethyl ether, filtered, washed with

diethyl ether, and dried under vacuum for 24 h to get the final product as white.

Table 3.6 =~ Summarized syntheses of Bu-BnAspm-CbzCysc-Phe,.
Temp
Syr?the Initiator Monomer eratur | Product Ql.Jant Yield
sis ity
e
B(ligllfr:ge NPBnAsp (3.03 g, Bu 1.02 | 55.5
1.1 73.14, 0.179 338, 8.96 mmol, 50 60 °C BnASpa: g %
mmol) ed.)
Bu-BnAsps: Bu-
12 | (500 mg, 6400, 4N2';'P2C Efncrzzl(zig') 60°C | BnAspa- T:g 5;6
0.078 mmol) T ’ ' CbzCyss
Bu-BnAspa:-
CbzCyss (F:);So NPPhe (111.1 mg, Bu- 230 | 64.4
1.3.1 285, 0.39 mmol, 10 60°C BnAsps;-
mg, 7600, eq) ChzCyss mg %
0.039 mmol)
Bu-BnAspa:- Bu-
13.2 CbzCyss (200 | NPPhe (300 mg, 285, 60 °C BnAspa:- 230 |64.8
mg, 7600, 1.05 mmol, 40 eq.) CbzCyss- mg | %
0.026 mmol) Phe.
Butylamine
21 (34.7 mg, NPBnAsp (8 g, 338, 60 °C Bu- 3.85 | 79.3
73.14,0.474 23.7 mmol, 50 eq.) BnAspao g %
mmol)
Bu-BnAspa4o Bu-
22 | (514 mg, 8250, '\Egczbfncrﬁl(izoer;?’ 30°C | BnAspao- ?98 6;')9
0.062 mmol) ’ ’ ' CbzCysio
Bu-BnAspao- Bu-
L3 | CbzCysi(305 3'\'3'31352‘; (ni?noorgé sooc | BrAsper | 330 | 767
mg, 10600, eq) CbzCysio- mg %
0.029 mmol) Phes

54




3 Materials and methods

Table 3.7  Summarized syntheses of Bu-BnAspm-BnCysc-Phe,.

Syn.the Initiator Monomer Time Product annt viel
sis ity d
Butylamine
(21.9 mg NNPBnAsp (1.23g, BU 350
1.1 =2 1388,3.17 mmol, 10.6 1d ) 53%
73.14,0.3 BnAspes mg °
eq.)
mmol)
Bu-BnAs NPBnCys (888 mg, Bu-
Pe ys (888 mg 400 | 48.5
1.2 (307 mg, 1300, | 331, 2.7 mmol, 11.3 1d BnAsps- m %
0.24 mmol) eq.) BnCyss g ’
Bu-BnAsps-
Bng sn ('jgg 7 | NPBNCys (773 mg, Bu- 582 | 69.5
1.3 ySa ' 331, 2.3 mmol, 11.3 3d BnAspe- '
mg, 1880, eq) BNCvs mg %
0.206 mmol) a yse
Bu-BnAsps- Bu-
B;JC 2 (SSpZGO NPPhe (627 mg, BnAL; 740 | 87.8
1.4 ySe 285, 2.2 mmol, 11 3d Pe '
mg, 2850, eq) BnCyss- mg %
0.182 mmol) a PPhes
Butylamine
NNPBnAsp (3.05 g,
(28.7 mg, P (3059 Bu- 857 | 53.2
2.1 388, 7.86 mmol, 20 1d
73.14,0.393 eq) BnAspis mg %
mmol) &
Bu-BnAspis NPBnNnCys (520 mg, Bu- 520 | 74.0
2.2 (400 mg, 2740, | 331, 1.57 mmol, 10.8 1d BnAsps- o 0/'
0.146 mmol) eq.) BnCyse g ’
Bu-BnAspiz- Bu-
NPPhe (378 mg,
BnC 490 BnAsps- 605 | 88.3
2.3 nCyss ( 285, 1.33mmol, 106 |  1d SPaa
mg, 3900, eq) BnCyse- mg %
0.126 mmol) & Phe;
Butylamine
4. NPBNnA 2 Bu- 71.
3.1 (34.5mg, NASp (29, 338, 3d ! ge1a | -0
73.14,0.472 5.9 mmol, 12.5 eq.) BnAsp~ m %
mmol) g
Bu-BnAspr NPBnNnCys (730 mg, Bu- 465 | 70.8
3.2 (230 mg, 1500, | 331, 2.2 mmol, 15 2d BnAsp-- n 0/'
0
0.147 mmol) eq.) BnCysis g
Bu-BnAsp7- Bu-
3.3 BnCysis (370 | NPPhe (65 mg, 285, 2 d BnAspr- 330 | 81.7
' mg, 4400, 0.23 mmol, 2.7 eq.) BnCysis- mg %
0.084 mmol) Phe:

Table 3.8  Summarized syntheses of DBnAsp-BnAspm-BnCysc-Phe,.
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Syn.the Initiator Monomer Time Product annt viel
sis ity d
DBnAsp (135 NNPBnAsp (2.56 g,
DBnAsp- 550 | 40.7
1 | mg, 313,043 | 388 g/mol, 6.6 mmol, | 2d P
BnAsp; mg %
mmol) 15eq.)
DBnAsp-
NPBnCys (508 mg, DBnAsp —
BnA 514 650 | 80.2
2 NASP ( 331, 1.53 mmol, 5.8 1d BnAsp:-
mg, 1940, eq) BnCvs mg %
0.265 mmol) a yss
DBnAsp-
BnZsSIO NPPhe (198 m DBnAsp-
P? g BnAsp- | 510 | 84.7
3 BnCyss (500 285, 0.69 mmol, 4 1d
BnCyss- mg %
mg, 2900 , eq.)
Phe;
0.172 mmol)

3.4.1.4 Synthesis of Aspm-Cysc-Phen or Bu-Aspm-Cysc-Phey

Bu-BnAspm-CBzCysc.-Phe, was dispersed in 3 mL of CF3sCOOH, then triflic acid or 33%

HBr/CFsCOOH (10 eq. of the protecting groups) was added into the above solution under the

protection of nitrogen. The reaction was allowed to proceed for 6 h at 25 °C. Subsequently, the

reaction mixture was precipitated into a large amount of diethyl ether and washed with diethyl

ether. Finally, it was dried under vacuum to get the raw product as a brown solid.

Table 3.9  Summarized de-protection reaction of triblock polypeptide.
Synthesi Solv
y < Protected peptide - Acid Product Quantity
Bu-BnAspsi-CbzCyss- 1 mL 33% 100 mg,
HENASPartbZRYSs e me | M7 | Bu-Aspai-Cyss- Mg
1 Phes (140 mg, 8200, 17 HBr/ 4700, 21
TFA Phes
pmol) CHsCOOH pmol
Bu-BnAsp4o-CbzCyss- 1 mL 33%
u-BnAspso-CbzCyss > mL m 0 BU-ASpo-
2 Phes (195 mg, 10200, TEA HBr/ Cvsr-Phe -
19.1 umol) CH3COOH YS10-Fes
CFsSOsH (1
Bu-BnAspe-BnCyss- | 5mL 3S0:H ( 43 mg,
mL, 11.3 Bu-Asps-Cyss-
3 Pheg(66 mg, 4000, 16.5 | CH> 2670, 16
mol) Cl mmol/mL, Pheg mol
H 2 11.3 mmol) H
CF3SO:zH (1
Bu-BnAspi3-BnCyse- 5mL 140 mg,
mL, 11.3 Bu-Asp13-CySs-
4 Phe; (191.9 mg, 4920, | CH, P1mtYSe™ 1 3210, 43
0.039 mmol) Cl mmol/mL, Pher mol
' ? 11.3 mmol) H
5 Bu-BnAsp7-BnCys;s- 3mL | CFsSOzH (1 | Bu-Asp7-Cysis- | 280 mg,
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Phe, (250 mg, 4700, | TFA | mL 11.3 Phe, 2700, 104
0.053 mmol) mmol/mL, pmol
11.3 mmol)
CF3SO:H (1
DBnAsp-BnAsps- 5 mL mSL 131 3( Ash-Cve 100 mg,
6 BnCyss-Phez (120 mg, | CHz | F;fhey 5 1840, 54
’ 2
200, 0.037 | | |
3200,0.0375mmo)) | Cl | " T umo

3.4.2 Synthesis of nanocapsules

10-30 mg polypeptide was dispersed in 10 mL water and a few drops of sodium hydroxide
agueous solution (1 M) was added into it under stirring. 3 eqg. of DTT was added to the above
solution or dispersion and the mixture was stirred for half hour to fully reduce all disulfide
bridges into free thiol groups. Then 50-200 uL PFD was added to the above mixture and the
mixture was treated with ultrasonication (60% power) for 3 min to obtain the emulsion. The
above obtained emulsion was treated with 5-10 eq. of 35% hydrogen peroxide aqueous
solution under stirring for 30 min for crosslinking of cysteine residue to solidify the capsules.

Finally, the capsules were prepared after dialysis against water over night.

3.5 Devices used

3.5.1 Nuclear magnetic resonance spectroscopy

The DRX500 spectrometer from Bruker was used for the measurements of *H NMR spectra to
study the structure of the synthesized monomer and the oligomers. Some of the measurements

were helped by Dr. Torsten Schaller from the working group of Prof. Dr. Schrader.

The Avance 500 spectrometer from Bruker was used for the measurements of *°F NMR and
F PFG NMR to study the gas exchange rate of capsules and diffusion constant of capsules.
All the measurements were conducted by Dr. Juergen Linders from the working group of Prof.

Dr. Mayer.

3.5.2 UV-vis spectroscopy

UV-1900i UV-Vis spectrophotometer from Shimadzu was used for the measurement of UV-vis

spectra to test the thiol group content of oligo- or poly-peptides.
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3.5.3 MALD-TOF Mass spectroscopy

The Bruker Autoflex speed from Bruker was used for the measurements of molecular mass
and molecular mass distribution of oligo- or poly-peptides. All the measurements were

conducted by Dr. Florian Uteschil from the working group of Prof. Dr. Schmitz.

3.5.4 Gel permeation chromatography

The GPC system (with column from polymer standards service (PSS), pump PU 2008 Plus
from Jasco, detector ETA-2020 from WGE) was used for the measurements of molecular
weight distribution of oligo- or poly-peptides. All the measurements were conducted by Mr.

Sebastian Buchholz from the working group of Prof. Dr. Ulbricht.

3.5.5 Atomic force microscopy

NanoWizard AFM from JPK Instruments (Berlin, Germany) was used for the measurements of
the morphology of capsules. All samples were prepared by drying a drop of the capsule
dispersion on a normal glass. All measurements were conducted under noncontact mode with

noncontact mode cantilevers from NanoWorld (Neuchatel, Switzerland).

3.5.6 Dark-field microscopy

Dark-field microscope combined with a Phytec FCAM-011H camera and a nanoparticle

tracking program was used for the measurements of the size distribution of capsules.
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4 Results and discussion

4.1 Investigation of PFD in water emulsions stabilized by di-block polypeptides

4.1.1 Discussion of activated monomers and polymers

The synthesis route of di-block peptide is shown in Figure 4.1.

(0] (0]
NPBnAs H NPPhe i
@] (0]
5 C 3

OIZ

Bu-BnAsp,, Bu-BnAsp,,-Phe,,
33%HBr/TFA 2
o} o]
OH

Bu-Asp,,-Phe,

Figure 4.1  Synthetic route for di-block peptide.

The 'H NMR spectra of monomers, protected polypeptides and deprotected polypeptides are

shown in the appendices (Figure 7.1- Figure 7.9).

During the synthesis of Bu-BnAspao, N0 precipitation or gelation was observed and the reaction
solvent remains clear, because Bu-BnAspa4o is well soluble in DMAc. During the synthesis of
three di-block peptide, Bu-BnAspao-Phes, Bu-BnAspae-Pheg, Bu-BnAspae-Pheis, the solvent
became more and more turbid with the increase of the hydrophobic block Phe content (Figure
4.2). This turbidity phenomenon is due to the formation of Phe block in a B-sheet structure

which are generally insoluble in DMAc [44], which reduced the solubility of the peptide in DMAc.
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Figure 4.2  Photos of the reaction DMAc solution after two days’ reaction of di-block peptides.
(a) Bu-BnAspao-Phes. (b) Bu-BnAspao-Pheg. (c) Bu-BnAspao-Pheis.

After de-protection reaction, we tested the water solubility of each di-block peptide. The water
solubility of deprotected di-block peptides, Aspao-Phes, Aspao-Pheg, Aspao-Pheis, also
decreases with the increase of the hydrophobic block Phe content. After removal of benzyl
groups of BnAsp block, each di-block peptide was dispersed into 0.1 M NaOH aqueous solution
to prepare peptide solution or dispersion with a concentration of 10 mg/mL (Figure 4.3). The
solution of Aspag-Phes is almost clear, very close to Bu-Aspso solution. For Aspao-Phes, the
solution looks a little bit unclear but the peptide is well dispersed. For Aspso-Phe1s, the solution

looks very turbid and many peptides still remain undispersed at the bottom of the bottle.

Figure 4.3 Photos of the di-block peptide 0.1 M NaOH aqueous solution or dispersion. (a)
Bu-Aspao-Phes. (b) Bu-Aspao-Pheg. (¢) Bu-Aspac-Pheis. (NaOH is used to help the
Asp block be soluble in water)

60



4 Results and discussion

4.1.2 Discussion of PFD in water emulsions

The emulsification properties of three di-block peptides were studied. 500 puL of PFD was
added to 10 mL peptide aqueous solution or dispersion containing 25 mg peptide and 10 mg
NaOH. After the PFD/peptide/water mixture was treated with ultra-sonication (60 % power) in
an ice bath for 2 min, the PFD in water emulsion was prepared. The emulsions stabilized by
the three di-block peptides, Bu-Aspas-Phes and Bu-Aspao-Pheg, Bu-Aspao-Pheis were all well
dispersed and the PFD droplets would settle down slowly after 1 d due to the density
differences between PFD and water. The emulsion can be re-dispersed easily by shaking the
bottle gently. The photos of the emulsions stabilized by the three di-block peptide was shown

in Figure 4.4.

Figure 4.4 Photos of the PFD emulsions stabilized by different di-block peptide. (a) Bu-
Aspao-Phes. (b) Bu-Aspao-Phes. (C) Bu-Aspao-Pheis. PFD volume fraction is 5%.

All the emulsions were observed using dark-field microscopy (DM). Taking PFD emulsions
stabilized by Bu-Asp.o-Pheis as an example, the emulsion was diluted 100-fold with water and
was observed using DM. Only 1 or 2 nanoparticles (bright dots) were observed doing Brownian
motion and nothing else can be found in the dark background. However, many dark dots were
found doing Brownian motion when we brightened the background as shown in Figure 4.5.
These dark dots should be the PFD droplets which may have a diameter in the micrometer
scale. These results indicate that DM may be not suitable for the detection of emulsion droplets,

as these droplets couldn’t efficiently deflect light into the microscope.
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Figure 4.5 Dilute PFD in water emulsions stabilized by Bu-Aspao-Pheis under dark-field (a)
and bright-field (b) conditions. Yellow circles are some examples.

Increasing the input energy into the emulsion can decrease the size of emulsion droplets.
Therefore, two strategies, including extending ultra-sonication period (60% power for 5 min)
and increasing ultra-sonication power (70% power for 2 min), were used to input more energy
into the emulsion. However, the PFD droplets were still detectable under bright field conditions,
which may indicate a diameter of droplets that is in the micrometer scale. Increasing the input
energy doesn’t work when the emulsifier is not sufficient to cover all the interfaces between oil
droplets and water. Therefore, emulsion containing the same peptide concentration but small
PFD volume fraction (1%) was prepared. However, still many dark dots under bright field
conditions were observed, which indicate a large number of droplets with diameter in a

micrometer scale.

Then all emulsions (1% PFD volume fraction) were investigated by AFM. Figure 4.6 shows the
dilute PFD filled Aspso-Phes emulsions. Most emulsion structures are collapsed, and the

diameter of them ranges from around 400 nm (K3) to 1100 nm (K1).

62



4 Results and discussion

15 um x 15 ym

515
510
5.05
5.00

Height (um)

1.1 um

495
4.90 ! :
00 05 1.0 15 20 25 30
Offset (um)
520
515
€ 510
E
E 505
2 500 1.2 Mm
4.95
490 ) . ) )
0.0 05 1.0 15 20
Offset (um)
524
523
= 522
£ 2
E 52
a 519 v
T 518 P
e .. 420 nm.
02 0.4 06 08 1.0 1.2

Offset (um)

Figure 4.6 AFM image of a diluted sample of a PFD-filled Aspao-Phes emulsion.

Figure 4.7 shows the diluted PFD-filled Aspso-Pheis emulsions. Apart from many collapsed
structures with diameter ranging from around 550 nm to 1200 nm, many self-assembled

polypeptide micelles, which are well dispersed around PFD droplets, are observed as well.
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Figure 4.7 AFM image of a diluted PFD filled Aspso-Pheis emulsion.

Because Aspaso-Pheis has large content of Phe
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Therefore, Aspao-Phe1s micelles were prepared by ultra-sonication of Aspso-Pheis into water.
Figure 4.8 shows the diluted Aspso-Phe1s micelles. Many micelles are observed and they have
diameters ranging from around 75 nm to 300 nm. Therefore, the nanoparticles observed in

Figure 4.7 may be Aspso-Pheis micelles instead of PFD filled capsules.
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Figure 4.8 AFM image of diluted Aspao-Pheis micelles.

4.2 Comparison of polycysteine synthesized from differently protected

cysteines

4.2.1 Discussion of activated monomers

The synthesis routes for the three monomers are shown in Figure 4.9.
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(a) Q (b) Q
e O 2X x. QU g
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Figure 4.9 Synthesis route of activated protected cysteines, including (a) NPBnCys, (b)
NPCbzCys, and (c) NNPCbzCys.

The syntheses of the three monomers are successful and their corresponding *H NMR spectra

are shown in the appendices (Figure 7.10- Figure 7.12).

4.2.2 Discussion of polymerization of each monomer

The polymerization of the three monomers is shown in Figure 4.10.

(a)

o Q
H H
P NPBNCys A~y {J:]IN)H ~—~n, NPCbzCys A~y f”j/N)H
c
s or NNPCbzCys o
O/go

!

Figure 4.10 Syntheses of protected oligo- or poly-cysteine, including (a) oligo- or poly-BnCys
and (b) oligo- or poly-CbzCys.

Monomer N-phenoxycarbonyl-S-carbobenzoxy-L-cysteine (NPCbzCys) was unable to
polymerize at all, possibly due to its inefficiency of conversion to NCA, as reported by Endo et

al [46]. N-(4-nitrophenoxycarbonyl)-S-carbobenzoxy-L-cysteine (NNPCbzCys) has a more
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electron-deficient aryloxycarbonyl group than the monomer NPCbzCys, and thus would be
more reactive. N-phenoxycarbonyl-S-benzyl-L-cysteine (NPBnCys) was already proved to

polymerize with high efficiency [45].

During the polymerization of NNPChbzCys, the color of the solution turned dark yellow, but the
solution remains clear. While during the polymerization of NPBnCys, precipitation was
observed. The resulting polypeptides were isolated as ether-insoluble fractions. The

polymerization efficiency of monomer NPBnCys was higher than that of monomer NNPCbzCys.
The *H NMR spectra of each protected polycysteine were shown in Figure 4.11-Figure 4.14.

Figure 4.11 shows the 'H NMR spectrum of Bu-CbzCys. obtained at 30 °C. According to the
integrals of the signals a and h, the average degree of polymerization (DP) was calculated as
approximately 17. While the average DP was calculated as around 7.7 according to the yield
(25.8%) and feed ratio between monomer and initiator (30). This may be because that some
oligomers with lower DP value were dissolved into ether, leading to a higher DP of the product

than that calculated from the yield.
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Figure 4.11 H NMR spectrum of Bu-CbzCys. obtained at 30 °C (solvent: DMSO-ds).
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Figure 4.12 shows the *H NMR spectrum of Bu-CbzCys. obtained at 60 °C. The average
degree of polymerization (DP) was calculated as around 8 according to the integrals of the
signals a and h. While the average DP was calculated as around 5 according to the yield
(17.9 %) and feed ratio between monomer and initiator (30). The higher DP of the product than

that calculated from the yield may also due to the dissolution of some oligomers with lower DP

in ether.
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Figure 4.12 'H NMR spectrum of Bu-CbzCys. obtained at 60 °C (solvent: DMSO-ds).

Figure 4.13 shows the *H NMR spectrum of Bu-BnCys. obtained at 60 °C. The average DP
was calculated as around 20 according to the integrals of the signals a and h. While the
average DP was calculated as around 24 according to the yield (78.9%) and feed ratio between
monomer and initiator (30). The DP calculated from the NMR results is lower than the DP
calculated from the yield, which may be due to some loss of NMR signal caused by the
incomplete dissolution of PBnCys in DMSO-ds. Therefore, the actual DP of PBnCys may be

larger than 20.
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Figure 4.14 H NMR spectrum of Bu-BnCys. obtained at 60 °C (solvent: DMSO-dg).
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Figure 4.14 shows the *H NMR spectrum of Bu-BnCys. obtained at 60 °C with lower monomer
to initiator ratio. The average DP was calculated as around 6 according to the integrals of the
signals a and h. While the average DP was calculated as around 3.5 according to the yield
(69%) and feed ratio between monomer and initiator (5). The higher DP of the product than
that calculated from the yield may due to the dissolution of some oligomers with lower DP in

ether.

The molecular size distribution of the two Bu-CbzCys. was analyzed by SEC. Bu-CbzCys;
obtained at 30 °C showed an average Mw of 4284 and PDI of 1.52, and Bu-CbzCys. obtained
at 60 °C showed an average Mw of 1102 and PDI of 1.82. The Mw of both Bu-CbzCys. obtained
from SEC was consistent with that from *H NMR spectra. Bu-BnCys. was not analyzed with
SEC because it was partially soluble in DMAc, which are not allowed for SEC test. The PDI of

Bu-BnCys. was estimated around 1.2 according to the report from Endo et al [45].

The terminal structure of the three protected oligo- or poly-cysteine were characterized by
MALDI-TOF MS. Figure 4.15 showed the MALDI-TOF mass spectrum of Bu-BnCys.; with a
feed ratio between monomer and initiator 30: 1. Only one series of signals which is marked as
series-A was observed in the spectrum, and it corresponds to polymers with mass values of
around 2416, 2608, 2802, 2996, 3189 and 3382. These signals are regularly located with a
spacing of about 193 Da, which is equal to the formula mass of the repeating unit of Bu-BnCysc.
The molecular weight of peptide terminal was calculated as around 70. These mass values are
consistent with the polymer structure which has a butylamine-derived initiating end and an

amino group at the propagating end.
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Figure 4.15 MALDI-TOF mass spectrum of Bu-BnCysc.

Figure 4.16 shows the MALDI-TOF mass spectrum of Bu-CbzCys. reacted at 60 °C. It seemed
like there are several series of signals in the spectrum, and series-A signals was much stronger
than the other series of signals. Series-A signals correspond to polymers with mass values of
about 1353, 1591, 1828, 2065 and 2303. These signals are regularly located with a spacing of
around 237 Da, which is equal to the formula mass of the repeating unit of Bu-CbzCys.. If there
is no cleavage between protecting groups and amino acid residues, the molecular weight of
peptide terminal (series-A) was calculated as around 45 or around 282, which is not in
agreement with the two possible terminal structure (B and C) as shown in Figure 4.16. If one
protecting group was removed during the measurement, the molecular weight of peptide
terminal (series-A) was calculated as around 180 or around 417, which is still not in agreement
with the two possible terminal structure (B and C) as shown in Figure 4.16. Some unknown

intramolecular termination reaction may occur in this case.
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Figure 4.16 MALDI-TOF mass spectrum of Bu-ChzCys..

Figure 4.17 shows the MALDI-TOF mass spectrum of Bu-CbzCys. reacted at 30 °C. The
spectrum looked very nearly the same as that of Bu-CbzCys, reacted at 60 °C. Therefore, this

spectrum will not be further discussed.
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Figure 4.17 MALDI-TOF mass spectrum of Bu-ChzCys. reacted at 30 °C.

However, we were not sure when the intramolecular termination reaction occurs. It may take
place before we precipitated the polymerization reaction mixture out of ether. It may also occur
during the sample preparation for MALDI-TOF MS. Endo et al. studied the polymerization of
N-(4-Nitrophenoxycarbonyl)-y-benzyl-L-glutamate in the presence of butylamine at 30 °C and
they analyzed the terminal structure of the resulting poly-y-benzyl-L-glutamate by MALDI-TOF
MS. They observed that if the reaction mixture was measure by MALDI-TOF MS, all poly-y-
benzyl-L-glutamate had an amino terminal. However, when the formed poly-y-benzyl-L-
glutamate was isolated by precipitation from ether and then analyzed by MALDI-TOF MS, the

amino terminal was totally converted into the lactam moiety [23].

4.2.3 Discussion of deprotection of polycysteine

The 'H NMR spectra of each deprotected oligo- or poly-cysteine were shown in Figure 4.18

and Figure 4.19.

Figure 4.18 shows the *H NMR spectrum of Bu-Cysi7. Only around 2.5 Cbz groups remain in
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each polymer chain according to the integrals of the signals a and h, which indicated that

around 85% of Chz groups was removed.
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Figure 4.18 H NMR spectrum of Bu-Cysi7 (solvent: DMSO-ds).

Figure 4.19 shows the *H NMR spectrum of Bu-Cysz. Only around 3 Bn groups remain in each
polymer chain according to the integrals of the signals a and h, which indicated that around

85% of Bn groups was removed.
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Figure 4.19 H NMR spectrum of Bu-Cysz (solvent: DMSO-ds).

All the *H NMR spectra of deprotected oligo- or poly-cysteine showed wide peak shape for
methine proton of cysteine residues (Peak e), which may be due to two possible reasons. One
is the restricted motion of methine proton due to formation of disulfide bridges. The formation
of disulfide bridges between different polymer chain may lead to larger molecules or even
nanoparticles, which will reduce the rotational motion of methine proton in the cysteine residues.
The chemical shift anisotropy and dipolar coupling couldn’t be averaged, which leads to broad
peak. Another possible reason may be attribute to a tautomerism in analogy to the well known
amide-iminole-tautomerism of peptide groups as shown in Figure 4.20. This exchange may
well be a consequence of the -I effect from the SH-group and depend on the pH of the solution.
Fast exchange rate will lead to one narrow peak. Slow exchange rate will lead to two narrow
peaks. If the exchange rate is in the region of NMR frequency, one broad peak will be observed

in the spectrum.
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Figure 4.20 Possible amide-iminole-tautomerism.

When triflic acid was used as deprotecting reagent, the resulting deprotected peptide was
always heavier than the protected peptide, which may be due to the formation of salts between
triflic acids and cysteine residues, and the triflic acid can be removed by dialysis. The **F NMR
spectrum indicates that there are both TFA and triflic acid in the peptide structure and the ratio
between these two acids is around 1: 4.17 (Figure 4.21a). Around 30% (w/w) of the deprotected
products were derived from these two acids according to the calculation of the integral of the
1F NMR spectrum of products with the addition of a known amount of TFA as a reference.

(Figure 4.21b)
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Figure 4.21 (a) *F NMR of Bu-Cysy (solvent: DMSO-ds). (b) °F NMR of 20 mg Bu-Cyszo with

3 mg of TFA as a reference (solvent: DMSO-dg)

PFG NMR was conducted in order to check if the two acids were connected with the peptides,

the result was shown in Figure 4.22. The diffusion constant of peptide, triflic acid, and TFA was

calculated according to PFG H NMR and PFG °F NMR separately. From the result we can

76



4 Results and discussion

see diffusion constants of the two acids are one magnitude larger than that of peptides, which

indicates that these two acids are not covalently bonded with the peptide.
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Figure 4.22 PFG-NMR echo decay plots for peptide and the two acids. The slopes of the
decay corresponds to the self-diffusion constants of the observed nuclei.

Di-block peptide Bu-BnAspi11-BnCysis was synthesized to be used to study the deprotection
efficiency and free thiol group content in acidolytic deprotection as well, because the peptide
used for capsule formation consists of aspartate, cysteine, and phenoalanine block, and
phenoalanine block will decrease the solubility of the triblock polypeptide in DMSO and water,
which isn’t suitable for the following 'H-NMR and UV test. The structure of the di-block

polypeptide Bu-BnAsp11-BnCysis was confirmed by *H-NMR as shown in Figure 4.23.
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Figure 4.23 H NMR spectrum of Bu-BnAspi11-BnCysis (solvent: DMSO-ds).

Reaction of Bu-BnAspi11-BnCys;s with triflic acid at 40 °C for 3 h removes 85% of protecting
groups according to calculation of signal integral (a and h) in *H-NMR as shown in Figure 4.24,
the deprotection efficiency is similar to that of mono-block Bu-BnCysze. However only around
20% of free thiol groups were detected according to Ellman’s reagent test. The lower thiol
group content may be due to the formation of disulfide bridges during the reaction. The
broadening of the NMR lines is usually due to restricted rotational diffusion [30], which may be

caused by the formation of nanoparticles due to cross-linking of cysteine residues.
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Figure 4.24 H NMR spectrum of Bu-Aspi1-Cysis (solvent: DMSO-ds).

Another possible side reaction during the acidolytic deprotection of cysteine containing peptide

is re-benzylation of thiol group [47]. Carbocation scavengers, such as anisole, have been

reported to prevent the re-benzylation of nucleophilic free thiol groups with benzyl cations

formed during the acidolytic deprotection [48]. Another carbocation scavenger 1

,2-ethandithiol

can not only prevent re-benzylation of thiol groups but also prevent the crosslink of cysteine

residues. Therefore, we also conducted the acidolytic deprotection with anisole and 1,2-

ethandithiol as carbocation scavengers. However, there are still around 15 Bn groups remain

in each polymer chain according to the integrals of the signals a and h in Figure 4.25, which

indicated that only around 42% of Bn groups was removed. Most of the protecting groups are

probably derived from anisole, which can be a source of methylating agents when strong acids

such as triflic acid are present [49].
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Figure 4.25 'H NMR spectrum of Bu-Aspii-Cysis (solvent: DMSO-ds) deprotected with
anisole and 1,2-ethandithiol as carbocation scavengers.
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Figure 4.26 'H NMR spectrum of Bu-Aspii-Cysis (solvent: DMSO-ds) deprotected with,2-
ethandithiol as carbocation scavengers.

If only 1,2-ethandithiol was used as carbocation scavenger for the deprotection of Bu-BnAspii-
CbzCysis, only around 6 Bn groups remain in each polymer chain according to the integrals of
the signals a and h, which indicated that around 80% of Bn groups was removed (Figure 4.26).

Around 39% of free thiol group can be detected in this case.

4.3 Investigation of PFD filled triblock polypeptide capsules

4.3.1 Discussion of triblock polypeptide syntheses

Various triblock polypeptides consisting of aspartate block, cysteine block and phenylalanine

block were synthesized using differently protected monomers and initiators.

The synthetic route of the polypeptide using NNPCbzCys as monomer and n-butylamine as

initiator is shown in Figure 4.27.

81



4 Results and discussion

NPBnAsp Q4 NNPCbzCys o
NN, S e N\Hb e
0

NPPhe

OYO
o S
H 2 H
—_ = N NL
NH m H c n H
0 [e]
(0]

33%HBr/TFA

o SH
H 0 H
AN NE
(o] (o]
OH

Figure 4.27 Synthetic route of triblock polypeptide using NNPCbzCys as monomer and n-
butylamine as initiator.

Two triblock polypeptides were tried to be synthesized, including Bu-Aspsi-Cyss-Phe; and Bu-
Aspao-Cyss-Phes. Their corresponding *H NMR spectra are shown in the appendices (Figure

7.13- Figure 7.21).

Polypeptides with longer cysteine block chain length are hardly obtained when NNPCbzCys
was used as the monomer. The designed repeating units of CbzCys block are 30 for both
triblock polypeptides. However, only 4 or 5 CbzCys were connected to Bu-BnAspm. The
efficiency of connecting Phe block to Bu-BnAspm-CbzCys. is also low. These observations may
be due to the possible intramolecular termination reaction of CbzCys block as mentioned in
section 4.2. The integrals of *H NMR of CbzCys block in the polypeptides always decrease
after polymerization of the third monomer NPPhe, which may be due to the loss of some self-
polymerized oligocysteines during the precipitation process. When the polymerization is
finished, the polypeptide DMAc solution will precipitate into diethyl ether to obtain the solid

polypeptides. Some self-polymerized oligocysteines will dissolve into the diethyl ether, leading
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to the decrease in the integrals of *H NMR.
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Figure 4.28 Synthetic route of triblock polypeptide using NPBnCys as monomer and n-
butylamine as initiator.

Three triblock polypeptides from NPBnCys were successfully synthesized, including Bu-Asps-
Cyss-Phes, Bu-Aspis-Cyss-Phe; and Bu-Asp;-Cysis-Phe,. Their corresponding *H NMR

spectra are shown in the appendices (Figure 7.22- Figure 7.34).

Triblock polypeptides can be efficiently synthesized if NPBnCys was used as monomers. All
the polypeptides were synthesized with good yields. The efficiency of connecting the third block
Phe is also high. These are because the polymerization of NPBnCys yield oligo- or poly-BnCys
with free amine end and there is no self-polymerization happening for the monomer NPBnCys

according to the MS result in Figure 4.15.

The synthetic route of the polypeptide using NPBnCys as monomer and 1,4-dibenzyl L-

aspartate as initiator is shown in Figure 4.29.
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Figure 4.29 Synthetic route of triblock polypeptide using NPBnCys as monomer and 1,4-
dibenzyl L-aspartate as initiator.

Triblock polypeptides Asps-Cysas-Phe; were successfully synthesized. Triblock peptides can
also be synthesized with 1,4-dibenzyl L-aspartate as initiator efficiently. Their corresponding

'H NMR spectra are shown in the appendices (Figure 7.35- Figure 7.38).

4.3.2 Discussion of PFD filled triblock polypeptide capsule

The appearance of a freshly prepared dispersion of PFD filled polypeptide capsules is shown
in Figure 4.30. The capsules dispersion is well dispersed initially, but most capsules will settle
down during 1 day. However, the capsule dispersion can be re-dispersed easily by shaking
and remain well dispersed for several hours, which make it suitable for an application for blood

replacement.
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Figure 4.30 Photo of PFD filled polypeptide capsule dispersion.

We then analyzed the morphology of dried capsules by AFM. Figure 4.31 shows an AFM image
of dried PFD filled Bu-Aspa4o-Cyss-Phes capsules. A lot of regular round hollow structures were
observed, which should be the collapsed capsules due to the leakage of PFD. The capsules
have a diameter that ranges from 300 nm to 1150 nm. The capsule walls exhibited a certain
mechanical strength as they can remain their round shape even though the PFD was
evaporated. However, the vapor pressure of the PFD is high enough to destroy the capsule

membranes.
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Figure 4.31 AFM image (left) and height profiles (right) of PFD filled Bu-Aspaso-Cyss-Phes
capsules.

Most capsules are collapsed after drying possibly due to a relatively low content of cysteine
residues. Therefore, the polypeptide Bu-Aspz-Cysis-Phe, with a longer cysteine chain length
was synthesized and was used to encapsulate PFD to prepare capsules. Figure 4.32 shows
the dried PFD filled Bu-Asp7-Cysis-Phe; capsules. Most of capsules exhibit a diameter that
ranges from 300 nm to 1000 nm. Most capsules remain their spherical shape, which indicates
their capsule walls exhibit enough mechanical strength to maintain their spherical structure

even after drying.
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Figure 4.32 AFM image (left) and height profiles

capsules.

We also studied the influence of longer Phe chain length on the morphology of capsules. Figure
4.33 shows the AFM image of dried PFD filled Bu-Asps-Cyss-Phes capsules. Except for the
spherical capsules and collapsed capsules, a large amount of very small nanoparticles with

diameter of around 50 nm were observed as well, which should be self-assembled polypeptide

micelles.
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Figure 4.33 AFM image (left) and height profiles (right) of PFD-filled Bu-Aspes-Cyss-Phes

capsules

We also studied possibility of using di-block peptide Bu-Aspio-Cysis to encapsulate PFD to
prepare capsules, as Bu-Asp1o-Cysis is also amphiphilic with the ability to emulsify PFD. Figure
4.34 shows the AFM image of dried PFD filled Bu-Aspio-Cysis capsules. A lot of spherical
capsules and collapsed capsules can be observed as well. This result indicates that Bu-Aspio-
Cysis may be also suitable for encapsulating PFD to prepare capsules. The collapse of
capsules may not really present a problem, as the planned use of the capsules for blood

replacement would not include a drying step. It just means that the capsules should always be
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Figure 4.34 AFM image (left) and height profiles (right) of PFD-filled Bu-Aspio-Cysis capsules

Figure 4.35 shows the AFM image of collapsed dried PFD filled Bu-Asp1o-Cysis capsules. Most
collapsed capsules exhibit ring like structures, which may be formed by fold of peptide
membrane after evaporation of PFD. The thickness of such ring like structures varies from 45
to 160 nm and depends strongly on the capsule diameter; smaller capsules are found to have

thinner ring like structures.
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10 ym x10 pm

Figure 4.35 AFM image (left) and height profiles (right) of collapsed PFD-filled Bu-Aspio-CySis

capsules.

For study of mechanical performance of these capsules, we compressed some spherical
capsules with an AFM tip. During the test, the cantilever holder was moved vertically towards
the carrier surface by a distance of 1 um in 0.5 sec. Some capsules remain intact after being
compressed by the AFM tip, which indicates the good elasticity of these capsule walls. Some
capsules were completely collapsed after compression tests as shown in Figure 4.36a. Some
capsules show a characteristic folding after compression tests as shown in Figure 4.36b. The
characteristic folding indicates the presence of a thin flexible capsule membrane surrounding

a liquid core [2]. These results indicate that our capsule exhibit enough mechanical strength

for using as artificial oxygen carriers.
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(a)

Before compression

(b)

Figure 4.36 AFM images of some capsules before and after a single compression test. (a) a
completely collapsed capsule after compression test. (b) a deformed capsule
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Mono-block peptide Bu-Cys,o was also tried to be used to encapsulate PFD, because Bu-Cyszo
is also amphiphilic under neutral conditions. However, many white agglomerated precipitates

appear in the capsule dispersion. These agglomerated precipitates couldn’t be re-dispersed
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by shaking the capsule dispersion. The remaining PFD capsules in the dispersions were
observed by AFM. Figure 4.37 showed PFD filled Bu-Cysz capsules. Apart from that a large
number of nanoparticles with a diameter of around 200 nm were observed, there are also many

irregular hollow structures, which should be the collapsed capsules due to the leakage of PFD.
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Figure 4.37 AFM image of PFD filled Bu-Cysyo capsules.

Mono-block polycysteine is not suitable to encapsulate PFD to prepare stable capsule
dispersions, as thiol groups on the surface of capsules may contact with another thiol groups
on other capsules, leading to the formation of disulfide bridges among different capsules. The
introduction of a hydrophilic aspartate block is essential, because most carboxylic groups in
the side chains of polyaspartate will exist in -COO" form at neutral conditions, which can provide

both steric stabilization and electrostatic stabilization for PFD filled polypeptide capsules [50].

The oxygen absorption and release rates of PFD filled triblock polypeptide capsules were
studied by °F NMR, the result was shown in Figure 4.38. The chemical shift of the fluorine
nuclei strongly depends on the oxygen concentration due to the paramagnetic influence of the
oxygen. The time resolved plot obtained under periodic change of the purging gas between
nitrogen and oxygen shows that it takes the PFD capsules less than 2 min to equilibrate to the
new atmospheric conditions after switching from nitrogen to oxygen or vice versa. After 3 times

of nitrogen and oxygen exchange, the capsule still maintains its original oxygen carrying
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capacity. These results indicate that the capsules allow fast gas exchange and the gas

exchange is completely reversible.
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Figure 4.38 Gas exchange process in a dispersion of PFD-filled triblock-peptide Bu-Asps-
Cyss-Phes capsules as determined by the chemical shift of the *°F NMR signal.

The diffusion constant of PFD filled cysteine containing polypeptide capsules were studied by
PFG NMR and the result was shown in Figure 4.39. Our results indicate that the capsules have
a diffusion constant of 2.05*10*2 m?/s. This is about an order of magnitude larger than the self-
diffusion constant of red blood cells, which means that our capsules can move faster in blood
than red blood cells. Therefore, our capsules can deliver oxygen from lung tissues to the other
tissues more quickly. In the meantime, perfluorodecalin inside the capsules also undergoes
fast self-diffusion, which is good for the oxygen absorption and release. We can also determine
that our capsules exhibit an average diameter of around 240 nm based on the diffusion

constant of capsules according to Stocks-Einstein equation.
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Figure 4.39 PFG-NMR echo decay plots for pure liquid PFD and the PFD in a dispersion of
PFD-filled Bu-Asp7-Cysg capsules. The slopes of the decay corresponds to the
self-diffusion constants of the observed nuclei.

The cytotoxicities of PFD filled polypeptide capsules were studied by use of the lactate

dehydrogenase (LDH) Assay. The cell culture was conducted by Dr. Miriam Cantore.

LDH assay is a widely used method in cell toxicity research. LDH is an enzyme that is present
in the cytoplasm of cells. When the cell membrane is damaged due to incubation with toxic
chemicals or drugs, LDH is released from the cells, which can be detected to evaluate the
damage rate of the cells. The cell damage rate is calculated according to the LDH released
from cells after incubation with cell culture medium and the total LDH released from cells after
incubation with Triton, a chemical to kill the cells. The LDH Assay result is shown in Figure
4.40. In the 4-h incubation test, the cells incubated with all capsules exhibited similar LDH
values and kept a high cell viability comparable to control medium. For 24-h incubation test,
the LDH values increase a little bit for every capsule treated group, but the cell viability is still

very high. These results indicate that our capsules exhibit little cytotoxicity.
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(a) summary results: LDH release after 4h  (b) Summary results: LDH release after 24 h
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Figure 4.40 Cytotoxic effects of PFD-filled capsules on human HK-2 cells. To determine the
disruption of cellular membrane integrity, LDH analyses was performed. Control cells were
incubated for 4 h (A) or 24 h (B) with DMEM/F-12 with GlutaMAX (no supplements), whereas
treatment groups were incubated for 4 h or 24 h with capsules at different concentrations
(0.1 %, 0.25 %, 0.5 %, 1 %, 2.5 %, 5 %), respectively. The positive control group corresponded

to Lysis Buffer treatment for 45 min. Values are expressed as means = SD (n = 12) from 4

different experiments.

95



5 Summary and outlook

5 Summary and outlook

The goal of this Ph.D. thesis is to prepare perfluorodecalin (PFD) filled polypeptide capsules
with both good mechanical and dispersion stability and good biocompatibility. To achieve this
goal, a capsule membrane made from an artificial protein is to be prepared by cross-linking
amphiphilic multiblock-peptides. The initial multiblock-peptide preferably consists of a
hydrophobic section from Phe, a hydrophilic section from Asp, and a central section from Cys

in order to allow for cross-linking via sulfur bridges.

Initial studies using the di-block polypeptides Aspso-Phe, with a variable number n reveal that
the Phe section must remain short (n < 5) in order to reach good stabilization for PFD droplets.
Larger Phe sections with n > 5 tend to form micelles and generally show excessive
hydrophobicity. Cysteine, as an important moiety in the polypeptide structures, plays a vital
role on the formation of solid capsule walls. Therefore, efforts were put on the synthesis and
characterization of oligo- and poly-cysteine, which is particularly difficult as it requires selective
activation and protection. Polymerization of NPBnCys gives PBnCys with good yields (around
80%) and narrow molecular weight distribution (PDI=1.2). The removal of benzyl group needs
strongly acidic environments at higher temperature such as triflic acid at 40°C. Polymerization
of NNPCbzCys gives PChzCys with smaller yields (around 30%) and broad molecular weight
distribution (PDI=1.8). The terminal structure is also unknown for PCbzCys, but the Cbz group
can be easily removed using HBr at 25 °C. Free thiol group content of oligo- or poly-cysteine
resulting from differently protected oligo- or poly-cysteine are for all types of protection and
amount to 30%. Considering that triflic acid at 40 °C does not represent excessively harsh

conditions, it is better to synthesize the triblock polypeptide based on the monomer NPBnCys.

All triblock oligo- or poly-peptides can stabilize PFD in water efficiently. The capsule
dispersions can be easily redispersed by shaking even after 1 month. Most of the capsules
exhibit a diameter that ranges from 100 nm to 1000 nm. The capsule wall exhibits sufficient
mechanical strength for their use in dispersion and enough to maintain the intact spherical
shape after drying process. The capsule wall allows for fast gas exchange and the gas
exchange is completely reversible. The capsules also exhibit a large self-diffusion constant as
around 2.05*10"*2 m?/s in agueous solution, which guarantees efficient oxygen delivery in the
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environment of a blood vessel. The capsules also exhibit small cytotoxicity in a cell culture

experiment.

In the future, more cell culture experiments and physiological testing on animals under

laboratory conditions need to be conducted in order to check the capsules’ biocompatibilities.
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7.1 Supporting information

7.1.1 Measured "H NMR spectra
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Figure 7.1

'H NMR spectrum of NPBnAsp (solvent: CDCls).
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Figure 7.3 'H NMR spectrum of Bu-BnAspao (solvent: DMSO-ds).

According to the integrals of the signals a and h, the average number of Asp units is

approximately 40.
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Figure 7.4 H NMR spectrum of Bu-BnAspao-Phes (solvent: CDCIlz/TFA-d,).

Polypeptides with Phe block are not well dissolved into DMSO. Therefore, CDCIs/TFA-d; are

used as the solvent. BnAsp block may react with TFA-d;, leading to the inaccuracy of the

102



7 Appendices

integral. Therefore, the average number of Phe units was determined in the corresponding *H

NMR spectrum of the deprotected di-block peptide.
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Figure 7.6  'H NMR spectrum of Bu-BnAspao-Pheis (solvent: CDCIls/TFA-d,).
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Figure 7.7  H NMR spectrum of Bu-Aspso-Phes (solvent: CDCIs/TFA-d,).

According to the integrals of the signals a and i, the average number of Phe units is

approximately 5.
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Figure 7.8 'H NMR spectrum of Bu-Aspso-Pheg (solvent: CDCls/TFA-d1).

According to the integrals of the signals a and i, the average number of Phe units is

approximately 9.
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Figure 7.9  H NMR spectrum of Bu-Aspso-Pheis (solvent: CDCls/TFA-d;).

According to the integrals of the signals a and i, the average number of Phe units is

approximately 14.
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Figure 7.10 H-NMR spectrum of NPBnCys (solvent: CDCl3).
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Figure 7.11 'H-NMR spectrum of NPCbzCys (solvent: CDCls).

15

~ o ks old s o NWRYINITMTMOD =00
= N NN N < O HHuQuLgnnn T Mmoo
00 00 MM OR[N N o WO TTTOmmmma o
SN e SN N TR — =

'HNMR (400 MHz CDCLy) 8 816 (d, J=9.1 -
Hz, 1H), 738~ .11 (m. SH). 5.9 (d, /= 76 Hz,
1H), 5.19d, J =25 Hz, 1H), 477 - 456 (m,
1H), 340 (ddd, /=213, 147,54 Hz, 1H).

T
10.0 9.5 9.0 8.5

24075

=3
~
n
~
o
@
i
o
=3

Figure 7.12 H-NMR spectrum of NNPCbzCys (solvent: CDCls).
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Figure 7.13 'H NMR spectrum of Bu-BnAsps: (solvent: DMSO-ds).

According to the integrals of the signals a and h, the average number of Asp units is

approximately 31.
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Figure 7.14 'H NMR spectrum of Bu-BnAsps:-CbzCysi4 (solvent: DMSO-d).

According to the integrals of the signals a and k, the average number of Cys units is

approximately 14.
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Figure 7.15 H NMR spectrum of Bu-BnAspsi1-ChzCyss-Phe, (solvent: DMSO-ds)

The integral for k decreased from 27 to 11.5, possibly due to the loss of self-polymerized oligo-

CbzCys during the precipitation process.
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Figure 7.16 'H NMR spectrum of Bu-BnAsps;-CbzCysa-Phe,, (solvent: DMSO-ds)

Again, the integral for k decreased from 11.5 to 7.99. Therefore, the average number for

CbzCys in the polypeptides should be around 4. The average number of Phe units was

108



7 Appendices

determined in the deprotected tri-block peptide.
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Figure 7.17 H NMR spectrum of Bu-Asps:-Cyss-Phes (solvent: DMSO-dg).

According to the integrals of the signals a and k, the average number of Phe units is

approximately 3.
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Figure 7.18 H NMR spectrum of Bu-BnAspao (solvent: DMSO-ds).
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According to the integrals of the signals a and g, the average number of Asp units is
approximately 40. (This figure is the same one as Figure 7.3. It is presented here again for a

convenient comparison with the following figures)
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Figure 7.19 H NMR spectrum of Bu-BnAspa4o-ChzCyss (solvent: DMSO-ds).

According to the integrals of the signals a and k, the average number of Cys units is

approximately 9.
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Figure 7.20 H NMR spectrum of Bu-BnAspao-CbzCyss-Phe, (solvent: DMSO-ds).

Again, the integrals for CbzCys block decreases from 17.73 to 9.11, possibly due to the loss
of self-polymerized oligo-CbzCys during the precipitation process. Therefore, the average

number for CbzCys in the polypeptides should be around 5.
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Figure 7.21 H NMR spectrum of Bu-Aspso-Cyss-Phes (solvent: DMSO-dg).

According to the integrals of the signals a and k, the average number of Phe units is
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approximately 5.
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Figure 7.22 'H NMR spectrum of Bu-BnAsps (solvent: DMSO-dg).

According to the integrals of the signals a and h, the average number of BnAsp units is

approximately 6.
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Figure 7.23 H NMR spectrum of Bu-BnAspes-BnCys; (solvent: DMSO-ds).
According to the integrals of the signals g and j, the average number of BnCys units is
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approximately 3.
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Figure 7.24 'H NMR spectrum of Bu-BnAsps-BnCyss (solvent: DMSO-ds).

According to the integrals of the signals g and j, the average number of BnCys units is
approximately 8. The polymerization of NPBnCys was repeated another time due to the low

DP of first polymerization.
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Figure 7.25 H NMR spectrum of Bu-BnAsps-BnCysg-Phes (solvent: TFA-d;: CDCls= 1:1).
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According to the integrals of the signals g and k, the average number of Phe units is

approximately 8.
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Figure 7.26 'H NMR spectrum of Bu-Asps-Cyss-Phes (solvent: TFA-d:: CDCls= 1:1).
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Figure 7.27 'H NMR spectrum of Bu-BnAspis (solvent: DMSO-ds).

According to the integrals of the signals a and h, the average number of BnAsp units is

approximately 13.
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Figure 7.28 H NMR spectrum of Bu-BnAspi3-BnCyss (solvent: DMSO-dg).

According to the integrals of the signals a and k, the average number of BnCys units is

approximately 6.
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Figure 7.29 H NMR spectrum of Bu-BnAspi3-BnCyss-Phe; (solvent: TFD-d; and CDCls).

According to the integrals of the signals a and m, the average number of Phe units

approximately 7.
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Figure 7.30 'H NMR spectrum of Bu-Aspi3s-Cyse-Phes (solvent: TFA-d;: CDCls= 1:1).

Ras &5 &2g 7 HERIEGR R85 8
@ W W ~ o~ wnunw;m < Lo el B o e B ot | ) - O
NN [ SN | NSNS/ A

—

[ (o]

|‘ b g ot H,0 |DMSO

“ /\/\N 4);‘“

| a ¢ H

0. f|
o~ ! s‘l e /’/ / )

" J o -’ ,./ s / oS

h 9

Figure 7.31 'H NMR spectrum of Bu-BnAsp- (solvent: DMSO-dg).

According to the integrals of the signals a and h, the average number of BnAsp units is

approximately 7.
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Figure 7.32 H NMR spectrum of Bu-BnAsp7-BnCyss (solvent: DMSO-dg).

According to the integrals of the signals a and h+l, the average number of BnCys units is

approximately 15.
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Figure 7.33 'H NMR spectrum of Bu-BnAsp7-BnCysis-Phe; (solvent: TFD-d; and CDCls).

According to the integrals of the signals a and h+l+o, the average number of Phe units is

approximately 2.
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Figure 7.35 'H NMR spectrum of DBnAsp-BnAsp; (solvent: DMSO-ds).

According to the integrals of the signals b and e, the average number of BnAsp units is

approximately 7.
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Figure 7.36 'H NMR spectrum of DBnAsp-BnAsp7-BnCyss (solvent: DMSO-dg).

According to the integrals of the signals b and f, the average number of BnCys units is

approximately 5 assuming that the average number of Asp in one chain is 8.
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Figure 7.37 'H NMR spectrum of DBnAsp-BnAsp7-BnCyss-Phe, (solvent: DMSO-dg).

The average number of Phe units is determined with the *H NMR spectrum of deprotected

product.
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Figure 7.38 'H NMR spectrum of Asps-Cyss-Phes (solvent: TFA-d:: CDCls= 1:1).

Assuming there are 8 aspartates in one chain, the average number of Phe unit is calculated

as 3 according to the integral of signal b and e.
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