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I. Introduction

Introduction & Motivation

Prostate cancer is one of the most frequent forms of cancer diagnosed in men, especially
in developed counttries like in North America or Western Europe.!" In the USA, prostate cancer
is the second cause of cancer-related death after lung cancer. For a country of 308 million
inhabitants (153 million males), 240 000 new prostate tumors should appear in 2011 and 33 000
persons are estimated to die of prostate cancer this year.” Over a life time, 1/6 of the American
male citizens will develop a — at least benign — tumor in the prostate and 1/36 will die of prostate
cancer.” The prostate is an exocrine gland of the male reproductive system, around 3 cm in
diameter and located directly under the bladder and surrounding the urethra, as displayed in
Figure 1. Prostate secretes a fluid that usually constitutes 20-30% of the semen, along with

spermatozoa (coming from the testicles) and seminal vesicle fluid.

Prostate cancer principally affects older people and mostly, the tumor remains benign.
The majority of prostate cancer carriers die from other diseases before the tumor becomes
malignant. Although it is not the most lethal type of cancer, the number of persons with prostate
cancer makes the detection of this cancer a priority. Early detection is particularly important in
persons developing a tumor at a relative young age, because of the risk of development of
metastasis. Indeed, local therapy, i.e. surgery and radiation therapy can be curative; the efficacy of
therapeutic treatments depends on early detection. Usually, prostate cancer is diagnosed after
biopsy (tissue samples from the prostate are obtained via the rectum), following a digital rectal
examination. An elevated concentration of the prostate specific antigen (PSA) protein in the
blood is another risk factor, though can often result in “false positive” and “false negative”
patients.”’ Undoubtedly, there is a need for other non-invasive methods for early-detection of
localized tumors. Transrectal ultrasounds, usually the imaging investigation method used, give too

many false-positive results. Endorectal magnetic resonance imaging was also tested with

promising results.
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Figure 1: Localization of prostate in the human (male) body.
Source: http://www.roboticoncology.com

Another possibility to detect prostate cancer is the detection of hepsin, a transmembrane
protease, which is highly upregulated by the prostate cancerous cells, and can be considered as a

significant marker and target of prostate cancer.**

Searching for new drugs has always been a driving force of pharmaceutical research and
will continue to be so because of the infinite possibilities available, e.g. with combinatorial
chemistry for the synthesis, or proteomics for understanding the operation modus in a cell.
Synthesizing complex (bio)molecules, which help to efficiently cure common diseases without
side-effects or that help healing against others illnesses, will remain a big challenge. However,
once a drug has been synthesized, it has to reach its target in the body in sufficient concentration
and within a suitable time frame. The form of administration form also plays an important role
here since it may be administered generally or locally. In the former case, the route of
administration has to be chosen: direct parenteral injection, oral or inhalational, and in which
dosage form: powder, pills, capsules, suppository, aerosol etc... The development of
nanosciences has opened new perspectives for drug delivery, as nanoparticles e.g. nanocapsules,
nanogels, vesicles, and micelles, are small enough to be directly taken up into the cells and pass
vasculature without obstruction.”! More interestingly, the preparation of materials responsive to
different stimuli like temperature, pH, light, and enzymes to name a few, opens broad
perspectives for the development of responsive nanoparticles, not only for drug delivery but also

as chemical or biological sensors or for non-invasive treatments 7 vivo.*”
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This work was performed in the frame of the project “Nanocapsule-based smart probes
for Optical Imaging of Prostate Cancer” (Optimap), which proposes a new concept for optical
detection and imaging of prostate cancer. This project was carried out in collaboration with the
Institute for Laser Technologies in Medicine (ILM, University of Ulm, Germany) and the
department of Urology and Pediatric Urology from the University of Ulm (Germany). The goal
of the project is the preparation of nanoparticles or nanocapsules, with a polymer shell containing
a peptide sequence, which is cleaved exclusively by the enzyme hepsin. The cleavage of the
enzymatic sequence should be monitored optically by recovery of the fluorescence issued from
the capsules, arising only in malignant tissues. One part of the project deals with the
encapsulation of hydrophobic content in conjugated peptide-polymer particles,"” whereas the
work presented in this thesis is focused on the preparation of nanocapsules for the encapsulation

of a hydrophilic payload.

The miniemulsion technique is a very efficient tool for the preparation of diverse
nanomaterials. In particular, several routes (nanoprecipitation, phase separation, interfacial
polymerization) can be employed to form nanocapsules with high encapsulation rates, and in the

case of inverse miniemulsion, hydrophilic content.

In this work, the objective was the preparation of hepsin-cleavable peptide-based
nanocapsules in miniemulsion, for the encapsulation and the release of hydrophilic content. A
model peptide sequence for enzymatic degradation was chosen for the development of the
preparation of the capsules. Two strategies were tested. Firstly, the synthesis of peptide-polymer
conjugates, for further preparation of nanocapsules via nanoprecipitation is reported. Then, the
preparation of peptide based nanocapsules via interfacial polyaddition is described. The
enzymatic cleavage of the capsules and its monitoring via an optical system are presented. The
encapsulation of a hydrophobic fluorescent dye and its release are also reported. Finally, a hepsin
cleavable sequence was identified and the system was applied to this peptide sequence for the
preparation of hepsin-cleavable capsules. The specific enzymatic degradation of these

nanocapsules by cancerous cells is reported.
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background
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II.1 Responsive materials

Nowadays, materials with high-performance properties (flexibility, lightness, insulation, chemical
inertness...) can be prepared, in major part thanks to the polymers and their composites
developed within the last 50 years. However, what would be if these materials could become
“smart” and adapt or respond to some changes in their environment? The interest for these
stimuli responsive materials has been growing strongly over the last years. In particular, stimuli
responsive materials open a wide range of new possibilities in the case of the nanostructured
materials. Numerous applications like sensors, and especially in the biomedical field for
biotechnology and drug-delivery, are targeted. Organic as well as inorganic materials can be used
for the preparation of nanostructured compounds, and several methods give access to
nanostructured organic materials."! Among these methods, diverse heterophase polymerization
mechanisms, such as emulsion or miniemulsion, allow the synthesis of nanoparticles,
nanocapsules, or nanogels. Amphiphilic block copolymers aggregate in micellar structures or
vesicles (polymersomes) and layer-by layer deposition of polyelectrolytes on template particles
can also lead to capsules after removal of the sacrificial core. On the other side, a lot of potential
triggers, that can interact or have an influence on the structure of some responsive materials, are
considered: temperature, pH or ionic strength, light, redox and biomolecules like enzyme. To
present briefly the achievements and perspectives opened by the (nanostructured) responsive

materials, the main possible triggers are reviewed.

I1.1.1 Temperature-responsive materials

Most of the temperature-responsive materials are based on water-soluble polymers having a
lower critical solution temperature (LCST), above which they are not soluble in water anymore.
This behavior is particularly interesting if the LCST is located in the physiological range, which is
not the case for poly(ethylene oxide) (PEO, LCST = 90 °C), for example. The most relevant
polymers are poly(IN-isopropylacrylamide) (PNIPAM) and the polymers based on oligo(ethlylene
oxide) (meth)acrylate monomers (OEG(M)A). The LCST of PNIPAM is at 32 °C and this of
poly(OEGMA) can be precisely adjusted with the length of the comonomers side-chains,
typically oligo(ethylene glycol) methacrylate (OEGMA) and 2-(2-methoxyethoxy) ethyl
methacrylate (MEO,MA)." Both polymers have been comprehensively studied and were used
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: : : 13-16
for the preparation of numerous nanostructures, materials, and coatings."” "

Among them,
thermoresponsive micelles consisting of block copolymers have been prepared." ) The block
copolymers were made with one hydrophobic and one responsive hydrophilic block, aggregating
into micelles under the LCST of the hydrophilic block, and reversibly into larger aggregates when

heated above LCST. Some micelles with drug release properties were also prepared, the payload

[21-23] [24-26]

being released more rapidly during LCST aggregation transition. Hydrogels and

microgels[27’ 2]

were prepared with both types of polymers. All gels swelled well in water at low
temperature and shrunk above LCST. In the case where a dye or a drug was encapsulated, the
kinetic release was diffusional (pseudo zero order) below and above LCST. However, the release
was faster for swollen gels (below LCST) than for shrunk gels (above LCST). Additionally, for
the poly(INIPAM) based macrogels, two effects were reported: if the temperature increase is too
quick, a burst effect is observed as water is quickly ejected out of the materials. On the other side,
a slow transition creates a skin on the surface of the gel and no release at all is observed.
Furthermore, “on-and-off” release properties were reported by cycling the system above and
below the LCST.” The synthesis of thermoresponsive vesicles™ and layer-by-layer capsules™
was also reported. Thermosensitive cross-linked PNIPAM nanocapsules with encapsulated dye
were also prepared, from a sacrificial silica core with dye entrapped in the inside. Like for the
microgels, the dye was able to permeate the swollen shell easily under the LCST, while above the
LCST, the release was inhibited.”" Among the applications of this kind of polymer for materials,
some are worth highlighting: in the case of surfaces covered with poly(OEGMA-c-MEO,MA),
the surfaces were bioadherent above LCST at 37 °C, but strongly bio-repellent at 25 °C. After
cultivation of mouse fibroblasts at physiological temperature, this material allowed an enzyme-
free cell detachment by simple buffer rinsing at room temperature.”” Bioconjugates were also
prepared, notably trypsin coupled to a poly(OEGMA-c0-MEO,MA) copolymer: the conjugates
were found to be thermoresponsive, which help isolating the conjugated proteins. Interestingly,

the enzymatic activity was higher than for unmodified trypsin.”

I1.1.2 pH-responsive materials

pH-responsive materials have also been comprehensively studied, especially with drug-delivery
petspective, as for example the pH value is more acidic in cancerous cells than in healthy cells.
The incorporation of ionisable monomer units into a polymer backbone enables solubility
changes and phase transitions dependent on the pH value. As a result, polymers bearing acidic or

basic functions, like poly(propylactylic acid) (PPAA)PY and poly(methacrylic acid) (PMAA),” or

7
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poly(2-vinylpyridine) (P2VP)P! were used to prepare pH-responsive nanostructures. Triblock
copolymer  poly|[(ethylene  oxide)-4-2  hydroxyethyl —methacrylate-4-2-(diethylamino)ethyl
methacrylate] (PEO-HEMA-DEA) prepared via ATRP from a PEO-based macro-initiator
exhibited full solubility at low pH. Deprotonation of the DEA block above pH 8 led to
micellization with DEA core, HEMA corona and PEO outer layer. Selective cross-linking of the
HEMA corona was carried out, retaining DEA at the core. The resulting cross-linked micelles
had a reversible pH-dependent swelling behavior.”” The same group reported the preparation of
“schizophrenic” micelles, made from the diblock copolymer poly(4-vinyl benzoic acid-4-2-
(diethylamino) ethyl methacrylate). Inverted micelles were observed for pH < 2 (protonated basic
block shell) and pH > 10 (deprotonated acid block shell).” Vesicles were prepared from P2VP-
b-PEO copolymer. A decrease of the pH below 5 leads to protonation and dissolution of the
PV2P blocks, inducing rupture of the membrane. The release of encapsulated hydrophilic dye
was accelerated by dissolution of the vesicles.™

Hydrogels consisting of monomers with acidic or basic functionality are pH-responsive. In many
cases, the pH-responsive character has been combined with the temperature sensitivity by
copolymerization with NIPAM, to create double-responsive materials. In all cases, the swelling of
the gel was studied by variation of pH and temperature.””*"! Another approach combines
hydrogel and layer-by-layer techniques: quantum dots were encapsulated in a PMAA hydrogel
matrix, then covered by polyelectrolytes bilayers, which were cross-linked afterward. The system
exhibited pH-responsive properties: the fluorescence intensity varied with the pH, which is of
great interest for the development of pH or chemical sensors.*

Concerning the drug-delivery approach, the preparation of acid degradable microcapsules via
interfacial polymerization was achieved via polycondensation of acid chloride and ketal-
containing diamine. A significant release of encapsulated dye was observed at pH 5 (degradation
of the ketal group) while the release was much lower at pH 7.5. It shows that a relatively sharp

transition can also be obtained with pH as trigger.!*”

I1.1.3 Light-responsive materials

While temperature and pH are parameters of the environment (“bulk” properties) varying
continuously, light is a very promising trigger, because of its specificity (wavelength, intensity,
polarization...), the precision of its localization (by lasers) but also because it can be switched on
and off instantaneously. Hydrogels with reversible cross-linking via light-stimulated [2+2]

[43]

cycloaddition of p-nitrocinnamate groups™ or [4+4] dimerization of anthracene™ were

8
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prepared. Recently, the reversible swelling induced by light on microgels was reported.”

Moreover, the light-induced release of fluorophore entrapped in cross-linked microgels was
investigated. It was found, that light irradiation accelerates the release of the dye, especially in the
denser network.""”! Besides, light can also be responsible for the degradation of functional groups.
The complete degradation of microgels by light-induced cleavage of its cross-linker was
reported.” Dehybridization from double-stranded DNA attached to gold-nanoparticles used as
plasmon resonant vectors was triggered by light, releasing single-stranded DNA inside the cells.'"”
Finally, materials responsive to temperature, pH and light were prepared, via the incorporation of
azo groups. Azo groups are instable and can be degraded by temperature increase, under acidic
conditions as well as upon light radiation. Azo-containing diols were used for the preparation of
polyurethane nanocapsules by interfacial polyaddition in miniemulsion. pH-, light- or
temperature-induced irreversible degradation of the capsules was reported, with release of the

50]

encapsulated dye.!

I1.1.4 Redox responsive materials

Redox active molecules are another type of trigger, which have been investigated, both oxidizing
and reducing agents. In this case, the responsive character of the materials is due to the presence
of oxidant- or reductant-sensitive groups in the polymer chains or as cross-linker. Several
nanomaterials have already been prepared, based on different redox systems. The oxidation of
hydrophobic poly(propylene sulfide) (PPS) in hydrophilic poly(propylene sulfoxide) and
ultimately poly(propylene sulfone) was used to destabilize unilamellar vesicles consisting of ABA
block copolymer with PPS as B block.”" The same group prepared polysulfide particles by living
emulsion polymerization, cross-linked with disulfide bridges for the encapsulation of a
hydrophobic dye. The particles swelled and their content was released in oxidative conditions.”
Capsules made of polyanions and polycations of poly(ferrocenyl silane) were prepared via the
layer-by-layer technique. Fast capsules extension accompanied with a drastic permeability increase

. . . . 3
was observed via chemical oxidation.”

Otherwise, nanoparticles functionalized with quenched
dye were used as fluorogenic sensors for monitoring the peroxynitrite and hypochlorous acid
production within cells. The quenched dyes were selectively released by the reaction with
peroxynitrite and hypochlorous acid. The sensors were stable toward other oxidants like hydroxyl

radical and hydrogen peroxide.”
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The reduction of disulfide bridges from poly(methacrylic acid) functionalized with cysteamine
was used to deconstruct of cross-linked polymer films and for the release of dye encapsulated in
layer-by-layer colloids.”

Moreover, not only chemicals but also biomolecules, like enzymes, can be used as trigger. A
polymer matrix containing immobilized glucose oxidase released insulin after addition and
oxidation of glucose into gluconic acid, the consequent local pH variation increasing the insulin
solubility.”” Core-shell-corona micelles bearing disulfide cross-links released entrapped anti-
cancer drugs via reduction of the disulfide groups in response to intracellular glutathione level
(glutathione is an antioxidant tripeptide).”” More recently, the release of a hydrophobic dye was
achieved by the oxidation of PPS nanoparticles by oxidoreductase enzymes in hydrophilic

(58]

polysulfones and polysulfoxydes.

I1.1.5 Enzyme responsive materials

In comparison to pH and temperature, enzymes are — like light — triggers for which it is
reasonable to speak from presence/absence of the trigger and not only as the continuous
variation of a parameter (like concentration in the case of enzymes). In biological systems, the
apparition of some enzymes is often the consequence of a change or perturbation in the cells, e.g.
inflammation. Cancerous cells are known to overexpress some enzymes. Hepsin, a cell surface
protease, is widely reported to be over-expressed in prostate tumors.”  One can also mention
cathepsin B or cathepsin D. Cathepsin B is overexpressed in lung, ovarian and colorectal tumor
cells and is present extracellularly in tumor tissues. Cathepsin B levels in tumor cells and tissue of
patient are significantly elevated and have been directly related to their prognosis.” " Cathepsin
D is highly overexpressed in breast cancer and has been related to its prognosis.”” Moreover, the
degradation of extracellular matrix components is an essential cascade event in tumor progression
and cathepsin D was shown to be one of the proteinases involved in this process.l63J Similarly,
matrix metalloproteinase (MMP) over-expression has been correlated with tumor metastasis and

a host of inflammatory and vascular diseases.”> !

For these reasons, enzyme-responsive
nanomaterials appear very suitable for the detection of certain diseases and selective drug delivery
to heal them.

In the previous paragraph, materials responsive to enzyme with redox properties (oxidases and
reductases) were presented. The materials where the enzymatic cleavage of peptide sequences is

used to induce a response are reviewed later (see paragraph I1.4). One should mention that all

materials based on polysaccharides or synthetic biodegradable polymers such as

10
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poly(caprolactone) (PCL), polyhydroxyalkanoates (PHAS) and poly(lactic acid) (PLA) can also be
considered as enzyme-responsive materials for the release of substances when confronted to their

lysing enzyme (dextranase, amylase, esterase, etc.).

I1.2 Bioconjugates

I1.2.1 Presentation of bioconjugates

Building stimuli-responsive materials, in particular bio-responsive materials, can implicate the
preparation of bio-conjugate (or bio-hybrid) macromolecules and materials. In general, the term
“bio-conjugate” represents molecules or materials which are partly made of biomolecules and of
synthetic moieties. The synthetic parts can be organic (polymer chain, polymeric network, or
particles) or inorganic® (mesoporous silica, metal surface, or metal particles). Meanwhile, the
term biomolecules should not be confused with natural molecules, as biomolecules can also be
synthetized artificially. The interest of those materials is the numerous possibilities they offer by
combining the properties of the two components,”” e.g. bioactivity, recognition, cleavability, self-
assembling properties for the biomolecular moiety and robustness, mechanical properties,
(in)solubility in water or tunable solubility, stealth behavior or use as template for the artificial
moiety. The term biomolecule designates a broad range of compounds, from small molecules
such as metabolites to large macromolecules: polysaccharides, DNAP peptides and proteins.
For example, surface functionalization of nanoparticles with peptides, proteins, or antibodies to
increase cellular uptake or address the capsules to precise cells is a topic of huge interest, but it
will not be discussed in this thesis. The next paragraph will present the state of the art concerning
the synthesis of peptide-polymer (and protein-polymer) linear conjugates with organic synthetic

polymers.

I1.2.2 Defined peptide-polymer conjugates

There are several possibilities to classify peptide-polymer conjugates: the nature of the polymer,
the synthetic strategy employed to prepare the conjugate, etc. Indeed, defined peptide-polymer
conjugates can be prepared following different strategies.” The most frequently used methods
are the following: the peptide and the already prepared polymer can be coupled together, or the

monomer can be polymerized from the peptide.

11
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Coupling reaction

In the case where a peptide is coupled to a polymer, different coupling reactions can be applied.
The most straightforward is the peptide coupling reaction. This strategy takes advantage of the
natural functionalities of all peptides: the presence of an amino group at the N-terminus and of a
carboxylic group at the C-terminus, and in some other case on the side-chains. The polymer,
suitably amino- or carboxy-functionalized at one of its extremity, reacts as a giant amino acid
under similar conditions as for peptide synthesis."”™ Diverse polymers, such as poly(NIPAM),
poly(n-butylacrylate) and PEO have been coupled successfully with this method. One interesting
study reports the synthesis of a triblock polymer-peptide-polymer done entirely in solid phase,

" Another frequently used coupling reaction is the

with relatively long polystyrene chains.
copper-catalyzed azide-alkyne Huisgen cycloaddition, which belongs to the so-called “click
chemistry”." The main interest in this reaction for peptide coupling, in addition to the mild
temperature necessary, is its specificity and consequent tolerance to the other functional groups
of the peptide. In almost every case, the alkyne group is introduced at the N-terminus of the
peptide via an artificial amino acid and is coupled afterwards to an azido-functionalized polymer.
They are exceptions to this strategy: the cycloaddition coupling of w«-alkyne- with «-azido-
poly(amino acid), both previously prepared by ring-opening polymerization (ROP)."” Another
exception is the homopolymerization by cycloaddition of a-azido and w-alkyne functionalized
peptide (in solution).” In the case of click-chemistry as well, a variety of different polymers were
successfully coupled: mainly hydrophilic e.g. polyNIPAM)"™ ™ or poly(OEGA),™ but coupling
with polystyrene was also described™ *.. All the coupling reactions were achieved in solution,
with rather long coupling times to insure satisfying yields. It is also worth mentioning that the
cysteine residues of proteins can be used for the coupling reaction, whether to bound directly a

" or to

water-soluble polymer via thiol-disulfide exchange chemistry after RAFT polymerization
introduce a functional group via thiol-ene reaction for a further alkyne-azide polymer
cycloaddition on the modified biomolecule.” A lot of other coupling reactions, from natural or

artificial amino acids, have been reported® as e.g. Michael s addition or Staudinger ligation.
Polymerization from bioinitiator

A second strategy is the polymerization of the synthetic polymer directly from the peptide, which
plays then the role of a macro-initiator. Free-radical polymerization can be employed,® but
controlled radical polymerization (CRP) methods have been far more investigated, as they allow a

better control of the length of the polymer chain. Atom transfer radical polymerization
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(ATRP),*" reversible addition-fragmentation chain transfer (RAFT) polymerization!™ ™ 7

and nitroxide meditated polymerization'” "

have been used over the past few years.

Concerning ATRP and NMP, the N-terminus of the peptide was suitably transformed, using an
artificial amino acid in SPPS to introduce the initiator function. Then, the polymerization of
various monomers was mainly carried out in solution, after cleavage of the peptide sequence
from the resin. However, polymerization of the peptide initiator on solid phase was also
achieved, with hydrophilic poly-(2-hydroxy ethyl methacrylate)”" and hydrophobic poly(zerz-butyl
acrylate).”” Interestingly, this solid-phase approach led to the highest degree of polymerization
(DP > 100) as long as enough time is elapsed. Another strategy proposing the side-chain

¥ or after™ SPPS allowed the synthesis of triblock

functionalization of serine, whether prior to
and side-chain functionalized copolymer with a central peptide chain.

For the bio-conjugates synthesized by RAFT polymerization, a peptide chain transfer agent was
prepared by addition of a chain transfer group at the extremity of the peptide in SPPS.”>”" After
cleavage of the peptide-RAFT agent from the resin, it was used in solution for the polymerization
of hydrophilic and hydrophobic monomers. RAFT is also commonly used for direct
polymerization from proteins after previous transformation into a giant macro-RAFT agent via
functionalization of cysteine residues. In this case, hydrophilic poly(INIPAM) chains were grafted
on bovine serum albumin protein.”

The synthesis of poly(y-benzyl-L-glutamate-block-styrene) via NMP is emphasized, as the
polystyrene was cross-linked afterwards yielding a very high molecular weight polymer forming
core-shell nanocapsules with a pH-responsive poly(L-glutamic acid) shell.”™ In this case, the
poly(benzyl-L-glutamate) block was polymerized via ring-opening polymerization of a-amino acid
N-carboxyanhydrides. This technique has been widely used in the group of Lecommandoux for

[100, 101

the preparation of responsive micelles,”” polymersomes or vesicles, I but will not be

discussed in more details here, as the peptide blocks are homopolymers.

To summarize this part on the preparation of linear peptide-polymer conjugate, the following

important facts are listed:

- The synthesis of peptide-polymer conjugate has been achieved with various methods
and different synthetic strategies (coupling, grafting “from”).

- Several polymers have been successfully conjugated. The most frequent of them are
hydrophilic polymers: PEO, poly(NIPAM), poly(OEGA), poly(HEMA) even if the
hydrophobic poly(n-butyl acrylate) is also mentioned regularly.

13
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- The large majority of the conjugates prepared were diblock peptide-polymers and not

tri- or multiblocks as it is intended to do in this thesis.

In addition to this, all publications cited are recent: this area of research is new and therefore the
targeted function of the hybrid material prepared is not always specified. The few applications
mentioned are listed here. The use of a thermoresponsive polymer with LCST causes aggregation

in dependence of the temperature.[84] This can have an influence on the adhesion of cells on

32, 95

grafted surfaces.” ™ On the other side, more or less explained structures are described,

[87, 96]

depending on the amphiphilicity of the conjugate (micelles, vesicles®™), or on the self-

assembling properties of the peptide itself: from nanotubes™ to helical superstructures”™ via B-

[77)

sheet nanofibrils!”” and alternated polymer and B-sheet peptide domain™. The groups of

Lecommandoux and Klok have been studying widely the self-assembling properties of peptide
blocks in peptide-based compounds.!”*"*!

Becker and coauthors used the a bioactive function of the peptide: enhanced anti-microbial
activity was obtained with the anti-microbial peptide located at the surface of the micelles
compared as in solution.”! Concerning peptide/enzyme-polymer conjugates in general, other
applications have also been reported. One can enhance the properties of the biomolecules: a

[105]

higher activity of the enzyme has already been mentioned,” stealth behavior,'™ or improved

[106]

solubility of small molecules in water."™ One can also prepare bioactive hydrogels or materials

for drug delivery; this will be discussed in the next paragraph.

I1.3 Triggered release via enzymatic cleavage

It was reported in the previous paragraph that the cleavability of the peptide was not the most
desired peptide property in the linear peptide-polymer conjugates. However the enzymatic
degradability is a key property of the structures that are aimed at in the present work. Therefore,
in this part, an overview on the peptide hybrid materials with enzymatically cleavable peptide

sequences will be presented.

The interest for enzymatically triggered delivery has risen since the pioneering work of Duncan,

Kopecek and coauthors,"”" "

who prepared a water-soluble N-(2-hydroxypropyl)methacrylamide
copolymer with doxorubicin attached to the polymer backbone via a biodegradable peptidyl
spacer. Later, it was shown that the enzymatic cleavage also proceeds in heterophase with water
insoluble polymers."""! Suzuki prepared a hydrogel with pending antibiotic attached via peptide

linkers; the drug was released only in case of infection.""” The same concept was applied to a
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system where the model chemotherapeutic agent was complexed to the pending cleavable

(113

peptide.""” In a different but exciting approach, poly(ethylene oxide) hydrogels cross-linked with

cleavable peptides were prepared via peptide coupling reactions and successfully degraded in the

[114]

presence of enzyme. Then this system was adapted to a cell culture with matrix-

metalloproteinase (MMP)-specific degradable extracellular matrix, consisting of hydrogels cross-

[115, 116

linked via Michael-type addition. ! The same concept was applied with success to cross-

[117]

linked dextran hydrogel" ", and to thermoresponsive poly(INIPAM-c-AAC) hydrogels, where the

peptide cross-linker with difunctional acrylate group was directly copolymerized as
macromonomer."¥ Later, the release of encapsulated dextran (40 kDa) was achieved after
swelling of hydrogels due to electrostatic repulsions of residual groups remaining after enzymatic
cleavage of a pending peptide.""

More recently, several types of nanostructured materials, inorganic as well as organic, have been
used to prepare enzyme-triggered release systems. See and al. showed the recovery of
fluorescence after the release of a dye, connected to and quenched by gold nanoparticles via a
peptide sequence.“zo] Mesoporous silica, with pores covered by a grafted peptide, released their
payload after cleavage of the surrounding peptide layer."”"*! Concerning organic nanomaterials,
a protein was encapsulated by adsorption and polymerization of monomers around it, including
peptide cross-linkers. The protein recovered its activity after enzymatic cleavage of the cross-
linking peptide."* Triggered release and activation of the drug were achieved inside cells after
enzymatic cleavage of the outer layer, on nanoparticles covered with layer-by-layer assembly.[123]
In his PhD thesis, Maier prepared hydrophobic peptide-polymer nanoparticles, where the peptide
recognition sequence was selectively cleaved by a protease."” The cleavage was detected by
fluorescence recovery of a FRET pair introduced around the recognition sequence.™® Unstable
liposomes, stabilized by a cross-linked polymer shell containing a peptide sequence cleaved by
proteases, released their content when confronted to the enzyme.'” Last but not least,
nanoparticles made from polymerization of oligo(ethylene oxide) (meth)acrylate were prepared by
a completely different method: step and flash imprint lithography. After UV photo-cross-linking
with a cathepsin-B cleavable peptide macromonomer, the particles were able to release
encapsulated antibodies and DNA in presence of the enzyme.!"!

Another work should also be mentioned, where a peptide based material, consisting of self-
assembling B-sheet segments flanking a protease cleavable region, released a model therapeutic

peptide when confronted to disease associated proteases.'””
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I1.4 Solid-phase peptide synthesis™"""*

I1.4.1 Principle of the method

All peptides presented in this thesis were synthesized with solid-phase peptide synthesis (SPPS).
This method was developed in the 1960s, mainly by Bruce Merrifield, who was awarded the
Nobel Prize in 1984 for his work."*> > The process is based on the stepwise growth of a peptide
sequence on a cross-linked polymer resin. All amino acids are added through the same cycle
consisting of deprotection, washing, coupling, and washing. When the whole sequence has been
synthesized, cleavage from the resin and deprotection of the side chains of the functional amino
acids are performed simultaneously in acidic solution. Such a method offers all the advantages
from the solid-phase approach: work with excess reactant in solution to ensure very high
coupling efficiency for each step, convenient washing between each step, and development of

automated processes.

Compared to the biological process of protein and peptide biosynthesis, the chemical synthesis
offers several advantages: the product is isolated very easily after cleavage from the resin, and no
tedious purification from residues from organisms is required. Moreover, SPPS is a very versatile
technique, as the desired peptide sequence can be easily changed (e.g., inversion of two amino
acids or substitution of one amino acid by another). This versatility is also illustrated by the fact
that non-natural (or artificial) amino acids can be used, like D-amino acids, spacers (e.g. PEO) or
amino acids carrying specific physicochemical properties (fluorescence, orthogonal reactive
group). Despite all these advantages, SPPS is only better adapted to relatively short peptide
sequences (< 90 amino acids). Indeed, in contrary to biological synthesis, the chemical coupling
step between each amino acid is not perfect with 100% yield. Therefore, longer peptides
sequences become rapidly too impure, and give low yields after purification (typically by
preparative HPLC). As a result, the synthesis of proteins (> 100 amino acids) remains the

prerogative of biotechnology.

It was already stated that SPPS is a sequence of coupling and deprotection steps. More precisely,
the peptide is synthesized from its C-terminal amino acid, which is anchored on porous “resin”
beads. Typically, the porous resin beads consist of cross-linked polystyrene (1-2% divinylbenzene
as crosslinking monomer) but other types of resins, made from poly(ethylene oxide) or

polyacrylamide are on the market. In addition to their complete inertness to many solvents and
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reactants, the resins are designed (cross-linker amount, anchor group loading, mesh size) in such
a way that a good swelling in the solvent leads to rapid diffusion of the reactants, activators and
side products inside the polymeric network for efficient coupling and washing steps. The
statistical distance between two growing peptides is chosen in such a manner that not too strong
intermolecular interactions occur, which would lead to peptide aggregation and inefficient
coupling. A schematic representation summarizing a solid-phase peptide synthesis can be found

in Figure 2, with the example of the fluorenylmethyloxycarbonyl (Fmoc) as protective group.
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Figure 2: Summary of solid-phase peptide synthesis by the Fmoc-strategy. R represents the
side chain of an amino acid and P a protecting-group (if necessary) resisting to basic
Fmoc deprotection.

When a carboxylic acid group is desired in C-terminus (as it was the case in this thesis), a Wang

41135 136

resin, bearing p-benzyloxybenzyl alcohol, is use (see Figure 2). The first amino acid,

typically provided on some commercial resins, is usually attached by esterification following the
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method of Sieber."”

! The growth of the peptide proceeds by successive coupling reactions
between the carboxylic group of the N-protected amino acid, added in solution and the amino
group of the peptide residue on the resin. This synthesis of a peptide (amide) bond is facilitated

via the active ester method.

Two protecting groups can be wused for the protection of the amino acids:
fluorenylmethyloxycarbonyl (Fmoc) and zerz-butyloxycarbonyl (Boc), which atre both represented

in Figure 3.

fluorenylmethyloxycarbonyl (Fmoc) tert-butyloxycarbonyl (Boc)

Figure 3: Formula of Fmoc and Boc groups, two protecting groups of the amine function.

The Boc-group requires an acid deprotection step, while the Fmoc-group needs a basic
deprotection. A consequence is that after deprotection, the Fmoc process leads to a neutral
amine, whereas the Boc process results in an ammonium cation. As the coupling step is done in
basic medium, this does not add a further step to the cycle, because the cation will be neutralized
for coupling. The presence of the cation is even an advantage, as electrostatic repulsion limits the
aggregation of the peptides. However, the Fmoc-procedure has become the standard technique,

which can mainly be explained by the following reasons:

- the basic deprotection of the Fmoc groups allows an easier protection of the side
chains, with wvarious acid-sensitive protection groups, whereas the Boc-process
requires acidic conditions for both deprotection and cleavage;

- for the same reason, an orthogonal synthesis is also made easier with basic-sensitive
side groups;

- cleavage and final deprotection after Boc process requires hydrofluoric acid (HF),
which means that special equipment is needed. HF is potentially more dangerous than

trifluoroacetic acid (TFA), used in the Fmoc process.

Thus, the standard Fmoc procedure was preferred for the work in this thesis, as presented above

in Figure 2.
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I1.4.2 Mechanistic approach

In the following paragraphs, the deprotection and coupling steps will be presented in further

detail.
Cleavage of the Fmoc group

The deprotection of the amino acid (cleavage of the Fmoc group) after coupling proceeds under
mild basic conditions (piperazine), as presented in Figure 4. It has the advantages that side

chains of amino acid residues can be protected with acid-labile protecting groups.

€O, + R—NH,

Figure 4: Deprotection mechanism of the N-terminus via cleavage of the Fmoc
group by piperazine (R= peptidyl group, attached to the resin in SPPS).

Activation of the coupling reaction

The coupling reaction needs to be activated to reach high yields in a very short time. Therefore,
the active ester method is used: to enhance the electrophilicity of the carboxylate group, the
negatively charged oxygen must first be "activated" into a better leaving group. The negatively

charged oxygen acts as a nucleophile, temporarily yields an ester with a very good leaving group,
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making the nucleophilic attack by the terminal amino group on the growing peptide more
efficient. A broad range of activators can be found in the literature.” Among them, the family
of the O-benzotriazol based compounds (HOBt"™, HBTU, HATU, BOP, PyBOP) is very
frequently used. The esters formed with these compounds are so highly activated that their
reactivity cannot only be explained by the good electron withdrawing properties of the ester
moiety. The formation of a hydrogen bond between a pair of unshared electrons from the triaza
group and a proton of the amine group promotes nucleophile attack at the carbonyl (see

9 This neighboring group participation is

mechanism on Figure 5 with the example of HOBY).
referred to as anchimeric assistance, but can also be considered as an intramolecular base

catalyzed reaction.

. DIEA
iPr,

0
R ::
OH N
N—Et N HoBt
o/ NI
iPr N
. OH
|Pr\+
N—Et N
iPr I!I ,N
N\ — Activated ester
o}
d
o

R—NH, R
o]
——— > HOBt + R%
HN—R
Figure 5: Peptide coupling mechanism via the active ester method. Here the example of 1-

hydroxybenzotriazole (HOBt) is shown. In the case of SPPS, R = Fmoc protected
amino acid radical, R"= peptidyl group attached to the resin.

Practically, one can observe that HOBLt is almost always used in presence of phosphonium (BOP,
PyBOP) or uronium (HATU, HBTU) derivates. The differences in the mechanism compared to
HOBt with these activators are illustrated in Figure 6, with the example of HBTU. The
carboxylate anion attacks more rapidly the coupling agent, giving an acyloxycarbenium
intermediate, which can be aminolyzed (path in red) but is more likable to be converted in

benzotriazolyl ester, and then into amine (path in blue). Even if the use of only phosphonium or
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uranium salt-based reagent leads to the peptide, HOBt is commonly used as excess additive (See
“excess HOBt” annotation in Figure 6). It has been shown that additional HOBt in the form of

the anion massively promotes the formation of the activated ester by equilibrium

displacement.*!
0 —
R HBTU /
_ DIEA 0-C pFg
|Pr\ OH N \
N—Et ) N—
.y /.rN /
iPr N
iPr,

+
N—Et N
/| N (or from excess HOBt)
iPr ’
H N
N

/ N
@E PFs —'{'*N
N— H—™ |C‘H
/ R’
R'—NH,
R'—NH,
N— 0] o]
T™U 0=C/ + HOBt + R HOBt  + R—<
[Tetramethylurea)\N_ HN—R’ HN—R’

Figure 6: Peptide coupling mechanism via the method of the activated ester. Here

the example of HBTU is shown.

Conservation of stereochemistry

Finally, HOBt plays a key role in an important desired property of the activated coupling
reaction: the preservation of stereochemistry of the L-amino acid in C-terminus. This is a major
problem in the synthesis of peptides, because of the consequent loss of tridimensional structure
and biofunctionality. Indeed, with some activators like the carbodiimides, a possible intermediate
on the way to the amide product is the formation of oxazolone from the activated species (O-
acilyisourea when a carbodiimide is used as activator). Because of the possibility to form a
conjugated system, the a-proton is in general very labile, with some variations due to the nature
of the amino acid. In this case, the ketone-enol equilibrium leads to epimerization. As an acid,
HOBt plays a double role to prevent the loss of chirality: it can protonate the O-acylisourea and

therefore prevent the formation of oxazolone. If this happens, HOBt can still protonate the
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oxazolone, which hinders its enolization and favors the subsequent nucleophile attack of the

amine group or of the oxybenzotriazole anion (see Figure 7). To sum up, HOBt is a key reactant

of the coupling reaction, for both activation of the carboxylic group and conservation of the

chirality of the amino acid.
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Mechanism of the epimerization encountered with some activators (example of a
carbodiimide) and mechanistic action of HOBt allowing the conservation of the
chirality.

Please note that recently, HOBt has been classified as explosive by the United Nations. Although

almost always found as a hydrate, the product can no longer be shipped by air or sea. As a result,

it has been removed from many chemical vendors. Within the last months of this thesis, HOBt

was replaced by ethyl 2-cyano-2-(hydroxyimino)acetate (Figure 8, commercial name Oxyma

Pure), which has recently been described as “as efficient as HOBt”.

95 [142]
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OH
~
N|
\/O
CN
0]
Figure 8: Structure of 2-cyano-2-(hydroxyimino)acetate (Oxyma Pure).

Choice of activating base

In every case, a base is necessary for the deprotonation of the carboxylic acid to form the
nucleophilic carboxylate anion and neutralizing the acids liberated by aminolysis. However, this
base should not be too strong, to avoid binding protons that were not intended to be removed. It
has been found that tertiary amines are suitable bases, due to their strength and the steric
hindrance around the basic non-nucleophilic nitrogen atom. Among certain tertiary amines,
diisopropyethylamine (DIEA) was reported as the most efficient base for phosphonium and
uranium salt-mediated coupling reactions."*) However, tertiary amines promote the isomerization
during phosphonium and uranium salt-mediated coupling reactions without any additive but

again, the most hindered tertiary amine DIEA induced the lowest isomerization rate in DMF.!"*!

Microwave-assisted peptide synthesis

Microwave irradiation was used in organic chemistry from the end of the 1980s, and became a
very efficient way to accelerate reactions. A debate has started a few years ago concerning the
idea that thanks to the electromagnetic radiations, microwaves could decrease the racemization
and increase the yields of coupling thanks to lower aggregations.[l45] In any case, microwave is a

convenient method for rapid and homogenous heating of the peptidyl resin.
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I1.5 Miniemulsion

I1.5.1 Polymerization in heterophase

Aqueous polymeric dispersions are used for numerous applications, such as synthetic rubber,
adhesives, paints, additives in paper and textiles, binders for non-woven fabrics, etc. The rapid
development of this industry can be explained by environmental regulations to limit solvent-
based systems and substitute them by water borne products. In addition to these environmental
aspects, polymeric dispersions also have properties that meet industrial demands such as lower
viscosity, heat transfer, and convenient processability also for high solids content systems,
making them interesting, also for high-tech applications. For example, they are used in

biomedical and pharmaceutical areas for diagnostic tests and drug delivery systems.

Commonly, these products are prepared by free radical polymerization in suspension or emulsion
polymerization. In suspension polymerization, large droplets are permanently agitated in the
presence of protective colloids during polymerization. The addition of a small amount of
surfactant (even far under the critical micellar concentration, CMC) results in the formation of
smaller droplets. The monomer is polymerized from an oil-soluble initiator inside the droplets,
and kinetically, each droplet acts as an independent reactor for bulk free radical polymerization.
As a result, polymers beads with approximately the size of the droplets (from 0.1 to 10 mm) are

formed.

In emulsion polymerization, the addition of surfactant in a concentration above the CMC
generates micelles in addition to the stabilized monomer droplets (20-50 pm). The use of water-
soluble initiators generates radicals in the continuous phase, where they oligomerize with
monomer dissolved in water or diffusing between the monomer droplets. As growing oligomers
become less soluble in water, they enter a micelle, where particle nucleation occurs and the
polymerization continues. This is provided by diffusion of the monomer from the monomer
droplets into the micelles. The particles produced by emulsion polymerization range from 50 to

500 nm.
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I1.5.2 Miniemulsion principle

In this paragraph, the principle of the miniemulsion is presented in general, taking the example of
direct (oil-in-water) miniemulsion when necessary. The inverse miniemulsion is presented
afterwards. Miniemulsion polymerization can be regarded as the adaptation of the suspension
polymerization at a smaller scale, as the goal is that each nanodroplet behaves like an independent

reactor. To achieve the formation and stabilization of the nanodroplets, several requirements

have to be fulfilled:

Generating small nanodroplets requires high-energy input to overcome the increasing interfacial
energy when the droplets become smaller. Indeed, the overall interfacial area increases when the
size of the droplets decreases, and the interfacial energy required JE is proportional to the

variation of the interfacial area dA, following Equation (1):

dE = )/LLdA
Equation (1)

With: Y1 the surface tension between the two liquid phases (J'm™ or N-m™")

High-pressure homogenizers (high shear forces) and ultrasonication tips (cavitation pressure) are
the most frequently used devices. The presence of surfactant lowers the surface tension between
continuous and disperse phase and helps considerably the emulsification process. The droplets
need to be stabilized with surfactant to prevent fusion by collision, via steric or electrostatic
repulsive forces. In miniemulsion, the concentration of surfactant is chosen such that after

homogenization, the concentration in the continuous phase is below the CMC.

If the droplets do not all have exactly the same size after homogenization, Ostwald ripening
occurs over time: diffusion of monomer from the smaller to the bigger droplets progressively
removes the smaller droplets and the average size of the droplets increases continuously. The
driving process of the Ostwald ripening is the Laplace pressure inside the droplets, or more
exactly the difference of Laplace pressures between the smaller and bigger droplets

(thermodynamically more stable). Laplace pressure P, (N'm™) expresses as following:

2y
p, =
L r
Equation (2)
With: Y1 the surface tension between the two liquid phases (N*m™)

7 the radius of the droplets (m)
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Smaller droplets, with a higher Laplace pressure, are less stable than the bigger droplets, and tend
to disappear slowly via monomer diffusion from the smaller to the bigger droplets, which
become more stable as their size increases, etc. Moreover, the speed of Ostwald ripening
increases with the solubility of the monomer in the continuous phase, as the monomer can

diffuse faster to the bigger droplets.

To counteract and minimize Ostwald ripening, an osmotic agent is added to the disperse phase.
The osmotic agent has a very low solubility in the continuous phase and cannot diffuse between
the droplets (e.g. hexadecane in direct miniemulsion). Thus, the osmotic agent creates an osmotic
pressure inside the droplets (see Laplace equation below and Equation (3)), which suppresses the
Ostwald ripening if the osmotic agent is homogenously distributed. Its presence within the

droplets creates an osmotic pressure, described by:

Equation (3)
With: ¢ the concentration of the osmotic agent (mol-L")

R the ideal gas constant (8.314 J-K'*mol ™)

T the temperature (K)
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As a result, the homogenous distribution of the osmotic agent increases the stability of the
smaller droplets. Diffusion of monomer between the droplets can still occur but is compensated.

The roles of the surfactant and of the osmotic agent are illustrated in Figure 9.
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Figure 9 : From non-stabilized to critically stabilized nanodroplets. Surfactant and osmotic

agent act against fusion and Ostwald ripening.

It is important to precise that under standard conditions and after ultra-homogenization, the
osmotic pressure does not necessarily fully compensate the Laplace pressure. However the
droplets are highly stable, thanks to the different stabilization mechanisms. The miniemulsion is
not a thermodynamically stable state, but a critically stabilized steady-state. The surface of the
droplets is not fully covered with surfactant molecules and no micelles formation occurs in the
continuous phase. Since nearly no surfactant is present in the form of micelles, free radical
polymerization of nanoparticles nucleated via entry of radical into monomer nanodroplets is
possible. Initiator directly incorporated in the droplets can also be used, as long as it not
disrupted by the high energetic homogenization process. But most of all, each nanodroplet can

[146

be considered as an independent nanoreactor*” with one-to-one copy from the monomer

droplet to the polymeric particle (Figure 10).
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Figure 10:

General principle of direct miniemulsion polymerization. After being subjected to high
shear, the two immiscible phases result in narrowly distributed hydrophobic nanodroplets
(containing the osmotic pressure agent) in water. Ideally, no change of the droplets is
observed during the consecutive reaction process.

This decisive property allows other types of polymerization than free radical polymerization in

heterophase, like polycondensation, polyaddition or anionic polymerization

access to various structures at the nanoscale,

paragraph IL.5

dispersible in the disperse phase, such as dyes, biomolecules, or inorganic nanoparticles.!

(147, 1481 2nd gives

145191 especially capsules as explained below in

4. It also permits the highly efficient encapsulation of compounds soluble or

150, 151]
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I1.5.3 Inverse miniemulsion

The principle of miniemulsion can also be applied to inverse systems (Figure 11). In inverse (or
water-in-oil) miniemulsion, the hydrophilic phase is dispersed in a hydrophobic continuous
phase. In this case, the water (or polar) droplets are stabilized with surfactants with low
hydrophilic-lipophilic balance (HLB <7), e.g. of certain non-ionic block copolymers with suitable
block-lengths ratio. Hydrophilic osmotic agents are used to balance diffusion between the
droplets, e.g. inorganic salts, sugars, or alcohols. The main interest in inverse miniemulsion is the
possibility to prepare particles or capsules with a hydrophilic payload."*” Moreover, regarding the
process employed and the non-solubility of the hydrophilic payload in the dispersed phase, very
high encapsulation yields are achieved."” It makes these materials highly interesting for bio-

applications after redispersion in water, as they carry then the hydrophilic payload at high

concentrations in water-based system.

& \ 5._ i '
>
—_— \ 4 _—
- 2 | S~y 4
I ViR )”‘ 3 !\“"
P L Y - '
- 0
Homogenization Polymerization
~ surfactant (non-ionic) @» Osmotic agent (hydrophile)
Continuous oil phase Hydrophilic monomer(s) (pure or in solution)
Figure 11: General principle of inverse miniemulsion polymerization. Here, the dispersed phase is

made of hydrophilic droplets. Ideally, thanks to the osmotic pressure agent and the
surfactant, no change of the droplets is observed during the consecutive reaction process.
Hydrophilic content can be encapsulated by prior dispersion or dissolution in the dispersed
phase.
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I1.5.4 Preparation of capsules via miniemulsion

Capsules are generally particles with a liquid core. It has been explained in the previous paragraph
why the mechanism of miniemulsion makes this technique very suitable for the synthesis of
nanocapsules with hydrophobic content (direct miniemulsion) or hydrophilic content (inverse
miniemulsion). Other methods allow the preparation of nanocapsules, like the layer-by-layer

P 3 which is also suitable for the encapsulation of larger biomolecules."”” The

approach,!
available possibilities to prepare nanocapsules via the miniemulsion process are: 1) phase
separation by polymerization, 2) nanoprecipitation of polymers, and 3) interfacial polymerization.
This three processes will be presented in the following paragraphs are schematically represented

in Figure 12.

at Polymerization and
. . T phase separation
Phase separation during At >
polymerization - . )
m Monomer soluble in continuous
phase, but polymer insoluble.
O ; Evaporation of polymer solvent or
Nanoprecipitation ~ . - addition of non-solvent
N
1\’ Y ~n~v Polymer soluble in original
~ continuous phase, but
~ insoluble in final continuous
phase.
’ -
2 Polymerization at
N 'S .
. L e the interface
Interfacial polymerization * Eane >
Y
L = m Monomer soluble in dispersed phase;
~ A g m Monomer soluble in continuous phase;
Polymer insoluble in both phases
Figure 12 : Schematic summary of the different possibilities to prepare nanocapsules through

the miniemulsion process
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Independently of the strategy used to prepare the nanocapsules, their formation is explained by
both thermodynamic and kinetic factors. For a thermodynamic approach, the work of Torza and
Mason proposes a model to predict the different morphologies obtained from two immiscible
hydrophobic liquids (oil 1 and oil 2) in water as dispersed phase."”” The morphologies predicted
by the authors are based on the combination of the spreading coefficients from this tertiary

system (I, J, k). Spreading coefficients S; are defined as:

Si=Yimw— Wisj + Yisk)
Equation (4)
Yisj is the interfacial tension between phase i and j, etc. Assuming that ¥y1/w > Vo2yw (0il 1 is

more hydrophobic as oil 2), morphologies can be predicted from the combination of the

spreading coefficients as shown in Figure 13.

Non-engulfing
Sol< 0

y S.>0
- 50250

Partially engulfing
5,1<0

* S, <0
502<0

Core-shell morphology
S5,1<0
S, <0

- S.,>0

Figure 13: Equilibrium morphologies in a three liquid phase system. Oil 1 is in green,
and water is the continuous phase, with v, > V42/w-

This model provides a general idea for the formation of the resulting thermodynamically stable
morphology. This can be attributed to the fact that the model does not take kinetic parameters
into account. Kinetic parameters as the anchoring effects, corresponding to the interactions
between entering radical and surfactant, and leading to polymerization located as the interface,
are neglected in the model. In addition the model considers three immiscible liquids, while one

component is a polymer with a high viscosity. The presence of the surfactant is also not

31



Il. Theoretical background

considered, and it was shown that the nature of the surfactant also plays a role in the morphology
of the capsules. Therefore, the polymerization of butyl acrylate in the presence of hexadecane as

performed in miniemulsion leads to kinetically controlled structures.”

As a result, the necessary requirement for phase separation and subsequent capsule formation is
the loss of solubility of the polymer formed in the dispersed phase. However, thermodynamics is
not sufficient to explain the structures observed and kinetic parameters (e.g. viscosity of the

polymer), also play and determining role.
Capsules formation by phase separation

The dispersed phase consists of a monomer dissolved in an organic liquid, which is a non-solvent
for the polymer formed. Under optimized conditions with an adjusted hydrophilicity of the
polymer and a suitable oil with long hydrocarbon chain like hexadecane or triglyceride, phase
separation occurs and the oil is eventually encapsulated by the polymeric shell formed. The
nature of the polymer is important: the ratio of capsules to particles increases with the
hydrophilicity of the polymer. This can be observed with homopolymer (e.g. PMMA versus PS)
but also by increasing incorporation of more hydrophilic comonomer, like methyl methacrylate
or acrylic acid in polystyrene."”” The size and the thickness of the capsules can be adjusted by
varying the ratio of monomer to encapsulated oil. The concentration and nature of the surfactant
also had an influence on the morphology, as well as the nature of the initiator: in the case of
MMA /hexadecane droplets, capsules where obtained using AIBN as oil-soluble initiator, while
the water-soluble initiator potassium persulfate (KPS) yielded nanoparticles. The nature of the
initiator can also very important, in the case where the locus of polymerization is kept close to
the droplet/water interface. Indeed, capsules were obtained in miniemulsion by polymerization
from interfacially active initiators by Van Zyl, firstly by radical polymerization of butylacrylate in

hexadecane!™

and later by RAFT polymerization. In the second case, pure polystyrene capsules
were obtained, when a suitable RAFT agent, i.e. with no rate retardation and corresponding
sufficiently rapid increase in the chain length, was used in the presence of a water-soluble
initiator."! Rapid polymerization leaded in this case to a rapid increase of viscosity and to a
lower chain mobility. These last examples are sometimes also considered as interfacial
polymerization, as the polymer is formed from this interface. Finally, cross-linked polystyrene
nanocapsules with an isooctane core were also obtained via microemulsion polymerization

(complete coverage of the droplets with surfactant), using KPS as initiator."!
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Nanoprecipitation

The nanoprecipitation technique is based on the precipitation of solvated polymer chains on the
interface of stabilized nanodroplets. The addition of a non-solvent to, or the evaporation of a
solvent from the continuous phase causes the precipitation of the polymer. Working with
preformed available polymers presents some advantages. It avoids the presence of possible
residues of monomer or oligomers in the final product. This method is also valuable for
polymers, which cannot be synthesized in heterophase, e.g. because of the use of catalysts.
Nanoprecipitation is also very suitable for encapsulation, as it removes any risk of cross reaction
between the polymerizing monomer(s) and the encapsulated content. For example,

indomethacin-loaded poly(D-T-lactide) were successfully prepared.'””

More recently, the
encapsulation of hydrophilic antibiotic agent inside poly(methylmetacrylate) (PMMA),
poly(caprolactone) (PCL) and poly(methylacrylate) (PMA) capsules was achieved via controlled

water-in-oil nanoprecipitation.““]

For this, stabilized water droplets containing the antibiotic were
dispersed by ultrasonication in a cyclohexane/dichloromethane (non-solvent/solvent) mixture
containing the polymer. The evaporation of dichloromethane (more volatile) led to the
precipitation of the polymer at the interface of the droplets and successful encapsulation of the
antibiotic inside the consequently formed nanocapsules. For PMMA, the encapsulation efficiency
was increased significantly with the overall polymer weight concentration, independently of the
molar mass of the polymer (71 000, 335 000 and 996 000 g'mol”). The capsules obtained with

the longest PMMA chains remained impermeable after redispersion in water, whereas the ones

prepared from the lower molecular weight PMMA lost some of their payload.
Interfacial polymerization

Interfacial polymerization designates the cases, where the polymerization reaction is located at
the interface of the two phases. It can proceed in homopolymerization of a monomer, as
described previously, or by the reaction between different comonomers, of which one is soluble
in the continuous and the other in the dispersed phase. The polymerization has to proceed at the
interface then, and very frequently, the polymer formed is soluble neither in the dispersed nor in

the continuous phase and precipitates at the interface, where it can grow further.

Interfacial polycondensation reaction in emulsion was firstly reported in the 1950s with the

[164, 165]

preparation of polyamides. Among others, the synthesis of Nylon by interfacial

polycondensation in emulsion in 1964 is regarded as a decisive achievement, as microcapsules

[166]

with liquid cores were obtained for the first time. Further work on interfacial
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polycondensation was reviewed by Arshady in 1989, and at this time it was already clearly stated

that interfacial polymerization could lead to different morphologies.""”

If the resulting
polycondensate is soluble in the droplet phase, particulate microspheres or monolithic
microcapsules are formed. If the polymer is insoluble in the droplets, a membrane is formed
around the droplets, which are individually encapsulated. As a result, the first encapsulation of

proteins in polyamide microcapsules prepared by interfacial polycondensation was reported.!*

Polyaddition, in contrary to polycondensation, does not lead to the formation of small molecules
as side products. Polyaddition in direct miniemulsion was first reported using epoxy-monomers
reacting with diamines, dithiols or bisphenols, leading to particles in the nanometer range.'” An
interesting work was carried out with this method by Taira, as they used the two amino groups of
lysine for a successful polyaddition reaction with a diepoxy comonomer." The reaction was
carried out in inverse miniemulsion, and the particles were used afterwards for pH-induced
adsorption and release of single-stranded DNA, via electrostatic interactions with the carboxylic
group and free amino residues of the lysine. The interfacial polyaddition of a polyepoxy-amine
polymer was achieved both in direct (oil-in-water) and inverse (water-in-oil) emulsion, yielding

capsules at the micrometer scale."”"

Polyaddition was also achieved with other monomers: polyurethane nanocapsules with an oil
core were prepared via the interfacial polyaddition of diisocyanate (dissolved in the oil phase)
with a diol (dissolved in continuous aqueous phase). The presence of urea bonds was reported,
certainly due to the reaction of isocyanate with water during the ultrasonication process."””
Further studies of synthetic parameters, such as the nature of the surfactant, the variation of pH
and the ionic strength in the aqueous phase, and their influence on the stability and size of the
capsules were carried out, oriented toward the encapsulation efficiency of the oil inside the

I An impressive example illustrating the efficiency of this approach was

polyurethane capsules.
the preparation of core-shell particles: styrene as monomer was successfully encapsulated in a
polyurethane shell resulting from interfacial polyaddition. Afterwards, the styrene was
polymerized inside the capsules via radical polymerization, leading to polystyrene-core-

polyurethane-shell particles.”

The same reaction was achieved in inverse miniemulsion by Crespy et al., allowing the
preparation of polyurethane and polyurea nanocapsules with a hydrophilic core. The capsules size

and shell thickness can be adjusted via the monomer and surfactant concentration.” ' This

[153]

method opened possibilities for the encapsulation of a water-soluble payload' ™ and the use of
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polysaccharides as polyol was also successful to prepare capsules based on

. 176
biomacromolecules.!"”

Moreover, interfacial polymerization was also reported using radical polymerization. One can
here distinguish two strategies. The first approach is based on the use of two monomers, which
both do not homopolymerize but polymerize only in an alternating fashion. One monomer is
dissolved in the oil phase (maleate ester), the other in the continuous water phase (polyhydroxy
vinyl ether) and alternating polymerization proceeds at the interface, yielding monodispersed
nanocapsules.!"”” This very elegant interfacial free-radical alternating polymerization was used
later to prepare aqueous core cross-linked nanoparticles and study the diffusion release of an
encapsulated dye."”™ Another method is based on controlled radical polymerization, more exactly
atom transfer radical polymerization (ATRP): it was found that the living chain growth of MMA
inside the oils droplets also incorporated up to 24% of poly(ethylene glycol) monomethacrylate
monomer present in the water phase. By the addition of a cross-linker (diethylene glycol
dimethacrylate), nanocapsules were obtained by interfacial controlled radical polymerization."”
Similarly, poly(butyl cyanoacrylate) nanocapsules were prepared in inverse miniemulsion thanks
to the rapid anionic polymerization of butyl cyanoacrylate at the interface of the water

droplets.!* 1%
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I1.6 Polyaddition

Addition polymers are polymers obtained by reaction of monomers bound together via an
addition reaction, without the formation of any side-product or loss of molecule. This is in
contrast to condensation reactions, where small molecules are liberated. A typical example is the
preparation of polyurethanes from the polyaddition reaction between a diol and a diisocyanate
(see Figure 14). Polyurethanes are widely used in the industry for numerous applications, like
insulation foams, sealants, coatings, adhesives, or elastomers, depending on their density and

stiffness.

Diisocyanate Diol
N N 2
n Z T Npl” Xy + n R
¢ R SN HO” “OH
0 o}
o N_ _N_ o
E—
B \c/ \Rl/ \c/ \Rz
| | n
o) o}

Polyurethane

Figure 14 : Polyaddition of diisocyanate and diol to polyurethane

I1.6.1 Characteristics of polyaddition

Polyaddition takes place following a step-growth polymerization. It consists on the formation of
dimers, trimers, and oligomers, which eventually transform in long polymer chains at high
conversion rates (Figure 15). In principle, it means that stoichiometric proportions have to be
respected precisely and high purity is required to obtain high molecular weights in the case of

linear polymers.

In the case of linear polymers, obtained from an A-B functionalized monomer or in the case of
perfect stoichiometry between two monomers A-A and B-B, the number average value of the

degree of polymerization DP can be obtained from the Carothers equation:

Equation (5)
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With p the conversion rate of monomer at time, defined by:

_ No— N,

Equation (6)

Ny is the initial number of monomer molecules and N; is the number of monomer molecules

which are still present at the time t during the reaction. The Carothers equation explains the

hyperbolic form of the curve representing the degree of polymerization against monomer

conversion for a step-growth polymerization (see Figure 15).

Figure 15:

Cumulated degree of polymerization

Chain-growth polymerization

- Step-growth polymerization

0.5
Monomer conversion

Evolution of the degree of polymerization with the monomer conversion in a step-
growth polymerization. The chain-growth polymerization and living polymerization

curves have been traced for comparison.

If the two difunctional monomers (A-A) and (B-B) are not introduced in equal proportions, one

defines the ratio 7 as Ny_4 Np_p, with 7 < 1 (where B-B is the monomer in excess). This can

be the case in the preparation of functionalized prepolymer. Then, DP can be calculated as:

1+7r

DP = —
1+r—2rp

Equation (7)
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For high conversion rates, the average value of the degree of polymerization DP is then limited
by:
1+7r

Equation (8)
Models have also been developed from this equation for branched polymers obtained from
monomers with a functionality higher than 2, without taking in account the possibility of cross-

linking and network formation.

I1.6.2 Reactivity of the isocyanate group

The isocyanate group is an unstable and highly reactive function, which can react with amine and
hydroxyl groups, and needs to be blocked when the reactants are stored for several months. The
high reactivity of the isocyanate function is illustrated through the mesomeric contributing
structures shown in Figure 16. The central carbon atom is electrophilic and constitutes the main

reactive center of the isocyanate function.

R R R
\ + - \ \ — +
N=—C—0 -~ N=—C=—0 - —C=0
R _— —
\5 & &
N—C=—0

Figure 16: Reactivity of the isocyanate group visualized through its mesomeric contributing structures.

The intended reactions involving isocyanate are mainly the formation of urethane or urea, the

mechanism of which is displayed on Figure 17.
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Isocyanate
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Figure 17: Polyaddition mechanism of the formation of urethane and urea.

Methylene diphenyl diisocyanate (MDI), toluene diisocyanate (TDI), hexamethylene diisocyanate
(HDI) and isophorone diisocyanate (IPDI) (see Figure 18) are in this order the most frequently
used diisocyanate compounds in the industry for the synthesis of polyurethane (by reaction with
diol or polyol) and polyurea (by reaction with diamine or polyamine). The reactivity is usually
ranked in this order: aromatic isocyanates are more reactive than alicyclic isocyanates, and the
latter are more reactive than aliphatic isocyanates. In the case of symmetric diisocyanate, the

reactivity of the second isocyanate group is less than the reactivity of the first reacting group.

‘ O /\/\/\/ Nco
OCN NCO OCN

4,4"-methylene diphenyl
diisocyanate (MDI)

NCO
NCO
NCO NCO

Isophorone diisocyanate (IPDI) Toluene-2,4-diisocyanate (TDI)

Hexamethylene diisocyanate (HDI)

Figure 18: Structures of the diisocyanate monomers frequently used in industry for the
preparation of polyurethane and polyurea.
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As mentioned previously, isocyanates are very reactive species that can have several side reactions
when introduced in excess or confronted to other functional groups. Some important side

reactions regarding our system are displayed in Figure 19.

R Isocyanate
Amide R'~COOH N=C=0 wﬁ’
R\ //0
N—R
HN—C
\ 1
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N N
R ¢ \r \(

N
N N
H Y R/ T \R
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O  Isocyanurate
Amine R—NH,
0
l R—NCO , I ,
R C R
SN ~N~
A
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Q ) NH
R (Il R | Biuret
\N/ \N/ R
H H

Figure 19: Side reactions likely to occur with the isocyanate group.

It has to be underlined that isocyanate groups can react with water, leading to a primary amine
after departure of a carbon dioxide molecule. This primary amine is then liable to react rapidly
with another diisocyanate molecule. Even if the reaction rate of isocyanate is much slower with
water than with a primary amine, this explains the need of isocyanate excess to obtain capsules in
the case of interfacial reaction when the diamine ot diol are dissolved in water, as this was the

el ; 50, 153, 175, 182
case 1n 1mmverse emulmon.[ 193,175, 1821

The others side reactions possible are the dimerization of the diisocyanate in uretdione and its
trimerization in isocyanurate, both catalyzed by bases. Finally, the fact that isocyanate can still
react with a urea bond (already a possible product of previous reaction involving isocyanate) to
form a biuret-product underlines again the high reactivity of the isocyanate group. A similar

reaction with urethane leads to allophanates.
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In this thesis, lysine amino acids were introduced in the peptides sequences to allow the
formation of urea bonds by an addition reaction of the e-amine groups of the lysine with the
diisocyanate. Thus, peptide-based polymers where prepared via interfacial polyaddition. The same
strategy could have been used with serine residues (bearing primary alcohol groups) but lysine
was preferred for two reasons: the presence of the amino-group on the N-terminus of the
peptide, and the fact that addition reaction is faster with primary amine, which for example is an

additional factor of security concerning the side-reaction with water.
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I11.1 MALDI-TOF mass spectrometry

Matrix-assisted laser desorption/ionization (MALDI) is one the softest ionization technique used
in mass-spectrometry. It suits the analysis of large and relatively fragile molecules such as
polymers and biopolymers, which are more liable to splitting during the ionization process. The
molecule of interest is incorporated in a matrix (crystallized molecule present in large excess),
which will act as an energy and charge transfer species between the ionization trigger (UV-laser)
and the analyzed molecule. Therefore, a good matrix (e.g. sinapinic acid or 2,5-dihydroxybenzoic
acid) possesses the following properties: a good absorption in the range of the laser wavelength
to protect efficiently the analyte from disruptive or destructive laser radiations, the relatively low
molecular weight for a facile vaporization, and having an acidic group to behave as proton source

to facilitate ionization of the molecules.

The type of mass spectrometer widely used after MALDI ionization is the time of flight (or
TOF) mass spectrometer. The principle is based on the conversion of the potential energy of a
charged molecule in an electric field into kinetic energy, which is proportional to the mass of the
molecules. After having gone through the field-free time-of-flight tube with constant speed, the
accelerated molecule reaches the detector. The heavier the molecule is, the later it reaches the
detector. The time of detection t is precisely related to the molecular weight M of the molecule,

tollowing Equation (9):

=
[}
N| =

Equation (9)
with  d the ion path length (m)
U the potential difference (V)

Z the charge of the molecule (C)

As only the impact time changes with the weight of the molecule, a TOF spectrometer is suitable
for the detection of large molecules. The use of a reflectron, an ion mirror to reverse the
direction of travel of the ions entering it, improves the resolution of a spectrum compared to a

linear flight tube.
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In this thesis, MALDI-TOF MS was used as characterization method for the peptides prepared
by SPPS. Moreover, it revealed to be a very useful tool to observe the formation and the

enzymatic degradation of peptide-polymer linear conjugates.
II1.2 Size-exclusion chromatography!*

Size-exclusion chromatography is one of the most frequently used techniques to characterize
polymers and determine their molecular weight and molecular weight distribution. The analyzed
samples are generally injected in a column packed with porous polymer beads. The molecules are
separated by their size, defined by the hydrodynamic volume (i, Equation (11)). Inside the beads
filling the column, smaller molecules have access to a larger pore volume than the bigger
molecules. As a result, they have a longer pathway and they elute later. To be more exact, the
pores inside or between the beads are creating different flow paths, with parabolic flow profile.
The bigger molecules, which are excluded from the slower path along the wall, elute earlier. SEC
is based on the assumption that interactions of polymer molecules, especially between molecules
and stationary phase, have no significant influence on the separation. The goal is that only the
size parameter matters for separation and that all chains of a given size elute at the same time
regardless of the nature or structure of the polymer. This is the universal calibration principle.'™
"™ The detection of the molecules after the column can be done with two types of detectors;
with concentration-sensitive detectors (differential refractometer, UV-detector) or  with
molecular weight sensitive detectors (differential viscometer, light scattering detector). In
concentration-sensitive detectors, it can be assumed that the signal is not influenced by the
molecular weight of the polymer chain. For example in the case of differential refractometer, the

area of the elution peak can be calculated by:

A—kdn
B dcc

Equation (10)

where A is the area of the elution peak on the chromatogram
k is a constant depending from detector and eluent

dn . . . . -
- s the refractive index increment (e.g. in L-g")

c is the weight concentration of the polymer (e.g. in gL.")

However, when only a concentration detector is used, in order to relate the elution volume of a
molecule with its molecular weight, it is necessary to plot a calibration curve (with narrow

standards of suitable linear polymers). This is called the conventional calibration, where the
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calibration curve plotted log M = f(V,,;) is fitted with a polynomial function. This method is
tully relevant for the analysis of linear polymers with appropriate standards.

To obtain further data on the analyzed samples, it is useful to combine a concentration detector
with a detector whose response is a function of the size of the chains. For example, a differential
viscometer gives access to the intrinsic viscosity [17], which represents the conttibution to the
viscosity of a single polymer molecule for a given solvent. By definition, the separation is done by
a volume proportional to 1 M (Equation (11)), called hydrodynamic volume Vy. It is the

volume of the equivalent hard sphere increasing the viscosity as much as the polymer chain:

n M
V, =
H™ 25N,
Equation (11)
From a concentration detector and a viscometer, the calibration curve log n M = f(V,;) takes

the hydrodynamic volume as criterion of separation. This is the universal calibration curve of the
system: different polymers draw the same calibration curve.'™ A light scattering detector (LALS
or MALS) gives direct access to the absolute molecular weight M. Triple detection SEC, based
on a concentration detector, a viscometer and a light-scattering detector, is the current most
advanced method to analyze a polymer sample and to obtain information on its molecular

weight, size, branching, and concentration.!”

In this thesis, SEC was used principally to confirm the polymerization of the peptide at the
interface of nanodroplets. As stated previously, SEC data from concentration detectors have to
be considered carefully in the absence of relevant standards to convert the elution volume in
molecular weight. Moreover, not only linear but also branched polymer were prepared, which
would have introduced a further imprecision in the conversion of elution volume to molecular
weight. Therefore, elugrams were regularly preferred over molecular weight distribution in the

graphic representations of the SEC results.

II1.3 DOSY-NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, beyond its application in medical imaging
(MRI, magnetic resonance imaging), is one of the most frequently used characterization

technique in chemistry, especially organic chemistry. The principle of nuclear magnetic resonance
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is defined as such: the nuclei of some isotopes of certain elements have a spin quantum number
different from zero, i.e an intrinsic magnetic moment and angular momentum. In a magnetic field
(typically applied in the form of pulses), these isotopes absorb and re-emit electromagnetic
radiations (relaxation). This energy is at a specific resonance frequency, which depends on the
strength of the magnetic field and the magnetic properties of the isotope of the atoms, i.e. the
environment of the atoms. The most frequently used atoms are the isotopes of hydrogen 'H and
carbon "C, to plot spectra of these elements but also the interactions and correlations between

the atoms, e.g. 'H-'"H or '"H-"C via two-dimensional NMR spectroscopy (COSY).

Another type of two-dimensional NMR spectroscopy was used in this thesis: the diffusion
ordered spectroscopy (DOSY). This method relates each signal detected in conventional NMR
with the diffusion constant D of the molecule to which this peaks is belonging (see Figure 20).
Therefore, DOSY also sorts the molecule by their size, related to the diffusion constant by the
Stokes-Einstein equation (see Equation (13)). This method can be particularly useful when a
mixture of several molecules is analyzed by NMR spectroscopy (Figure 20), or to prove the

success of a coupling reaction, e.g. in the case where as small molecule is attached to a big one.
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Figure 20: Example of DOSY-NMR spectrum. The case of a mixture of water (D = 7x10™ cmz-s'l),

2-ethoxyethanol (D = 3x10™ cm*s™) and caffeine (D = 2x10™ em*s™).
Source: http://nmr-analysis.blogspot.com

In this thesis, DOSY-NMR spectroscopy was used to study the coupling reaction of peptide to

w-functionalized polymer on solid phase and in solution.
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II1.4 Electron microscopy

To overcome the limits of optical microscopy imposed by the diffraction of light, electron
microscopy techniques with electron beams of much shorter wavelengths (around 100 000 times)
than the photons of visible light were developed. It provides the possibility to observe structures
in the nanometer range and thus, electron microscopy allows the characterization of samples with
much higher resolution than optical microscopy. Scanning and transmission electron microscopy

have become techniques extensively used by material scientists and biologists.
Scanning electron microscopy (SEM)

Electron emission and detection techniques require working under high vacuum. The electron
beam is thermionically emitted from an electron gun fitted with tungsten filament cathode or
lanthanum hexaboride (LaB,) cathode and accelerated to the anode. Field emission guns can also
be used as electron source. The electron beam, whose energy ranges from 0.5 to 40 keV, is
focused by magnetic lenses and passes then through pairs of scanning coils or deflector plates to
obtain scanning of the sample surface over a rectangular are (Figure 21, left).

In scanning electron microscopy, two types of electrons are mostly used to generate the contrast
in the images after interaction with the sample: the backscattered electrons resulting from the
elastic scattering and the secondary electrons, coming from inelastic scattering. The secondary
electrons originate from the surface and in consequence contain more information on the
topology of the samples. Due to their low energy, they can be trapped in the Faraday cage of an
Everhart-Thornley detector. The high-energy backscattered electrons are detected with
scintillators or semiconductors positioned in doughnut form above the sample holder. As they
originate from deeper in the sample, they contain information on the composition of the sample:

heavier elements backscatter more electrons and therefore appear brighter (Figure 21, right).
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Figure 21: Operating principle of a scanning electron microscope (left) and summary of the

interactions of the electron beam with the sample (right). Secondary electrons (SE),
backscattered electrons (BSE) and Auger electrons (AE — surface information) are generated.
Cathodoluminescence (CL - electrical information) and X-rays (RX - composition
information) are also generated. As; represents the thin layer probed by SE.

Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), the difference is that the contrast of the image is
mainly obtained from the elastic and inelastic scattering of the electrons in the beam transmitted
through a thin sample. Darker areas of the image are observed when fewer electrons are
transmitted, corresponding to a denser or thicker regions. In particular, the distinction between
particles and capsules for examples is easy, as electrons are transmitted better through the core of

the capsules than through their wall.

In this thesis, SEM and TEM were mainly used to observe the nanostructures prepared, and to
distinguish if capsules or particles were obtained. The samples were very sensitive to the electron
beam and damaged sometimes, although a very low voltage was used in SEM: from 0.2 to 0.3

keV. It was also a confirmation of some size measured with DLS.
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I11.5 Light scattering

Colloidal systems and polymer molecules in solution interact with visible light by scattering it in
all directions, as their size is comparable to or smaller than the wavelength(s) of the incident
beam. Scattering occurs mainly under elastic Rayleigh scattering: the wavelength is the same for
incident light and scattered light. Using a laser as light source (coherent and monochromatic), the
treatment and analysis of the scattered light intensity gives information on size-related parameters

of the system (Figure 22).

0 fixed

“ . ‘ Photodetector
® I(t)

particles <A

Laser (A)

Figure 22: Schematic operating principle of a dynamic light scattering measurement

Dynamic light scattering (DLS, or photon correlation spectroscopy PCS) studies the variation of
scattered light intensity in function of time. It leads to information about the size distribution of
the sample, as described hereinafter. The particles are in perpetual movement due to Brownian
motion and smaller particles diffuse more rapidly. The signal intensity detected fluctuates with
time, because of the interferences within the scattered light, mainly due to the Brownian motion
of the scattering particles. The mathematic treatment of the intensity /(%) with an autocorrelation
function gives in first approximation an exponential decrease, with a characteristic time (or
relaxation time) 7. This relaxation time is inversely proportional to the diffusion coefficient D of

the particle or polymer chain (Equation (12)), where g is the norm of the scattering vector.
1
— = Dg?
T q

Equation (12)
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The hydrodynamic radius Ry is obtained from the Stokes-Einstein equation:

o kT
H™ 6mnsD

Equation (13)

with kg as the Boltzmann constant (J-K'), T as the temperature (K) and ng (N*s'm™) as the
viscosity of the liquid. Dynamic light scattering provides information by measuring single
scattering events. However, its relevance is limited by often-encountered multiple scattering
events, where the photons are scattered multiples times by the samples before detection. This
explains the relevance of a cross-correlation approach (PCCS) in DLS, where the singly scattered

light is isolated and the contribution of multiple scattering is mathematically removed.

In comparison to dynamic light scattering, static light scattering deals with the angular variation
of scattered intensity, and leads to the molecular weight M and gyration radius R, via the

constitution of a Zimm plot.

In this thesis, photon cross correlation spectroscopy (PCCS) was principally used in this work to
obtain an idea of the size and size distribution of the nanocapsules prepared. Even if size was not
a determining criterion in the project, the capsules had to be in the good size range (between 20
and 1000 nm) and as far as possible monodispersed, in order to enable further use for biomedical
application.”” PCCS also provided valuable information about aggregation and size evolution

after redispersion in another continuous phase.

IT1.6 Absorption and fluorescence!""

I11.6.1 Absorption and UV-Vis spectroscopy

Absorption in physics represents a process where the energy of a photon is taken up by matter.
Typically, at the molecular scale, this energy corresponds to the electronic transition from a
ground state to an excited state, more precisely from the HOMO to the LUMO. The luminous
energy absorbed is generally restituted as vibrational energy at the molecular scale, seen has
molecular agitation, i.e. heat at the mesoscopic scale. As the electronic transition from HOMO to
LUMO requires a defined amount of energy, depending on the molecule, the light absorption

occurs at specific wavelengths.
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UV-Vis absorption spectrometry is based on this process and allows the determination of
concentrations of molecules in solution in diluted and homogenously distributed samples. The
sample is placed into a light beam with tunable wavelength. One defines as transmittance the
ratio I /Iy between the intensity of the beam passed through the sample I, and the intensity of the
incident light Iy. The absorbance is then defined as:

Iy

A=log T

Equation (14)
The Beer-Lambert law, actually discovered by the French Bouguer in 1729, states an
experimental relation between the absorbance of a solution and the concentration ¢ of absorbing

species:

Equation (15)
In this equation, €is the molar extinction coefficient of the species, a constant at a given
temperatute and wavelength, and [ is the length of the path through the samples. The absorbance
in solution is directly proportional to the concentration, as long as the other parameters are kept
constant, and as far as the dispersion of the absorbing substance is homogenous, no scattering
from the incident light occurs, the absorbing species are independent, and the excitation radiation

is narrow compared to the absorption width.

In this work, UV-Vis spectroscopy was used to detect and quantify molecular species, like
peptides or (non-)encapsulated dye. This work was done in solution or in nanocapsules

dispersion.

I11.6.2 Fluorescence

Fluorescence principle

In certain molecules called fluorophores, the photon energy absorbed is not dissipated by
vibrations, but another photon is reemitted, with less energy and thus a greater wavelength. This
emission of light is called fluorescence. The process is described in a Jablonski diagram (Figure
23). A photon with the enetgy hUgy, is absotbed. This corresponds to the excitation from the

electronic ground state (S,) to an excited vibrational level (S,") of the electronic excited state (S,).
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As a result, the excited molecule is subjected to conformational changes until the energy level
reaches the vibrational ground state of the excited state (§,). Then, fluorescence occurs: the
electron returns to the ground state (S;), or one of its vibrational level (S,), with emission of a
photon of energy hv,p,. This energy is necessarily lower than the absorbed enetgy Avgyc, because
of the vibrational energy loss between (S,) and (S,). This loss of energy is observable by the
greater wavelength of the emitted fluorescence, which corresponds to the Stokes shift AA:

h h-c

AL = Aem — Aexe = E =E

Equation (16)

In Equation (16) and in the previous paragraph, v is the frequency and A the wavelength of the
electromagnetic radiation of speed constant equal to ¢ (299 792 458 m-s™). Subsequently, the
larger the Stokes shift is, the easier it is to distinguish experimentally the fluorescent light from

the incident exciting laser beam.

Fluorescence

hv

em

ISC

hv

4H - — - = — - - - - - - = ]

Phosphorescence
-==> Quenching (intra-, or intermolecular)
AN Internal conversion & vibrational relaxation
e Intersystem crossing (1SC)
Figure 23: Simplified Jablonski diagram summarizing the fluorescence process.

However, all the excited electrons do not return to the ground state upon fluorescence: several
non-radiative mechanisms exist, intra- or intermolecular. For example, internal conversion (IC)
designates the vibrational energy transfer from an excited vibrational state (S,) to the ground

state (S;). Inter-system crossing (ISC) represents the transmission to a less energetic state, with a
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different spin multiplicity (e.g. triplet state). Inter-system crossing can be followed by another
type of radiative process with return to the original spin multiplicity (singulet); the
phosphorescence. Two possibilities for intermolecular mechanisms are the collisional quenching
(CQ) and the Forster resonance energy transfer (or fluorescence resonance energy transfer,

FRET).

All these mechanisms contribute to depopulate the (S,) level and decrease the amount of photons
emitted by the fluorophore. To quantify the efficiency of light emission, the quantum yield @ has
been defined as the ratio between the number of photons emitted and the number of photons
absorbed. After calculation, it is shown that the quantum yield can be expressed by the rate

constant k of the mechanisms desctibed previously:

_ kg ke
kg + kic + kisc + kpper + kcq kr + kp

Equation (17)

kp represents the depopulation rate constant. In summary, the quantum yield is high, as long as
the non-fluorescing deactivation processes remains negligible, i.e. kinetically much slower than

the photoemission.
Quenching and Forster-resonance energy transfer

One describes as quenching of fluorescence any process that leads to energy transfer from the
excited fluorophore to another molecule and induces a diminution of the quantum yield. Several
mechanisms can lead to quenching of fluorophore. For example, the energy can be transferred to
the quencher by collision. The Stern-Vollmer equation describes the collisional energy transfer in

this case:
Iy

Equation (18)

With Iy representing the fluorescence intensity observed in the absence of quencher, Q is the
quencher concentration, K¢q the rate of collisional quenching and 7 the lifetime of the excited
state of the fluorophores. As a result, the higher the quencher concentration is, the lower is the
fluorescence yield. Equation (18) is also relevant to consider in the case of fluorophore

quenching their own fluorescence (“self-quenching”).""*™ In this case, from a certain fluorophore
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concentration, a further addition of fluorescent dye does not increase the fluorescence signal and
rather tend to decrease it.
A similar equation describes the quenching occurring in case of formation of a static ground-state

complex (k¢ is the formation constant of the complex):

Iy
== 1+kclQl

Equation (19)

In this case, donor and acceptor bind together to form a dimer with its own properties: no
fluorescence and a unique absorption spectrum. This model suits well the aggregation or stacking

of hydrophobic dyes in water.

A third mechanism of quenching is particularly interesting: the Forster resonance energy transfer
(or FRET) mechanism. The FRET mechanism consists of non-radiative energy transfer to
another molecule, which is either a quencher or another fluorophore quenching the fluorescence
of the excited dye and reemitting fluorescence with its own emission wavelength (Figure 24).

Several conditions have to be fulfilled so that FRET takes place:

- The absorption spectrum of the quencher overlaps the emission spectrum of the dye.

- The distance between the fluorophore and the quencher is low (typically less than 10
nm).

- The relative orientation of the donor and acceptor transition dipole moments is not

spatially restrained.

Under those conditions, the quenching efficiency of the FRET system ®pppr depends on the

intermolecular distance 1 between the fluorophore and the quencher, given by:

1
Oprer = G
14+ &
Ry

Equation (20)

Ry is the Forster radius for one pair donor/acceptor, defined by the distance at which the energy

transfer efficiency is 50%.
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Figure 24: Simplified Jablonski diagram of a FRET pair with fluorescence emission or

quenching (left) and importance of the overlapping between donor emission
spectrum and acceptor excitation spectrum for efficient energy transfer (right).

Please not that very frequently, especially in biophysics and biochemistry, the FRET system is
used to transfer fluorescence from one dye to another. The recording of the two fluorescence
signals allows one to study of the interactions between two biomolecules labeled one by the
fluorescing donor, one by the fluorescing acceptor, e.g. with the study of protein-protein
interaction, protein-DNA interactions. It is also relevant to study intramolecular interactions, like
the detection of protein conformational changes.“g()]

In this thesis, FRET is also used to name internally-quenched fluorescence system, i.e. systems
where the fluorescence is quenched by the proximity of a non-emissive quencher. These systems

%21 On the intact peptide, a

are commonly used to monitor the enzymatic cleavage of peptide.
fluorophore/quencher pair surrounds the recognition site. Once the recognition sequence has
been cleaved, the distance between the fluorophore and its quencher becomes too large for the
quenching to take place and fluorescence recovery is observed. In this thesis, the expression
FRET will always refer to the use of internally-quenched fluorescence system, with only one
fluorophore.

In this thesis, fluorescence measurements were also cartied out to determine some concentration

of fluorescent dyes in solution. Indeed, fluorescence measurement is a very sensitive method and

after calibration, it allows measurements of concentrations under one part per billion.
Fluorescence microscopy

Fluorescence is also used in optical microscopy. In principle, the sample is illuminated with a
light of a specific wavelength, absorbed by the fluorophores of the sample, which reemit light at

their emission wavelength. This light is then detected through the microscope objective. The use
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of two filters is highly important with this technique: a first filter (excitation filter) ensures that the
excitation beam is at the correct wavelength and almost monochromatic, for specific excitation of
the dye. The second filter (emission filter) before the objective lenses ensures that none of the

excitation light, much more intense that the emitted light, reaches the detector (Figure 25).

Detector,
objective

Emission filter | ‘ I

Fluorescing sample

Focusing lense

Excitation filter

Figure 25: Simplified operating principle of a fluorescence microscope.

Another characteristic of fluorescence has to be considered during fluorescence microscopy, the
photobleaching. Photobleaching is the photochemical destruction of a fluorophore or at least the
loss of its fluorescent properties. At the excited state, the fluorophore can encounter a
photochemical reaction that will prevent the molecule to return to the ground state. Frequently,
the generation of free oxygen radicals is involved in the loss of the light emitting properties of the
fluorophore. From a statistical point of view, a fluorophore can undergo a finite number of
excitation-relaxation cycles prior to photochemical destruction. For this reason, reduction of the
irradiation intensity or irradiation time when observing the samples under fluorescence

microscopy can be useful. The addition of radical scavengers to the sample is also possible.

Like every classic optical microscope, fluorescence microscopy is limited by light diffraction. Its
resolution, or minimal resolving power, the minimum distance between distinguishable objects is

around 200 nm (in the range of the half wavelength of the incident light used). Some techniques
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have been developed to increase the optical resolution: confocal microscopy uses only point
illumination and a pinhole is placed in front of the detector to eliminate the out-of-focus signal.
Resolution is improved, especially along the depth axis, as only the fluorescence emitted very
close to the focal plan is detected. More recently, the concept of “point by point” excitation and
“point by point” detection of fluorescence appeared, via the use of two opposing objectives
lenses focused, from each side of the sample, on the same point so that the optical pathway
through each of the lenses is minimal. Thus, excitation of the molecules in the common focal
area, as well as collection from the emitted or reflected light, is made coherently. This technique,
called 4Pi-Microscopy, reduces considerably the volume of the focal point observed."” ™ The
first technique which truly overcomes the diffraction limit is the stimulated emission depletion
(STED) microscopy. The idea was proposed in 1994 and achieved in 1999 by Hell."* ™
Recently with STED microscopy, the highest resolution was increased up to a few

196
nanometers.[ !
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Strategy

It was shown that the interest for the enzyme responsive materials has been growing
within the last twenty years and that the preparation of such materials very frequently requires the
synthesis of peptide-polymer conjugates or hybrid species. In particular, the introduction of
enzymatically cleavable peptide sequences has been attracting increasing attention, but until now
their study has mainly been restricted to conjugates in solution or macroscopic materials like

112, 114, 115, 117

hydrogels.! ' With the recent exception of inorganic conjugates based on gold and silica

nanoparticles,[1 20,122

the use of such hybrid materials in the form of nanocapsules or nanoparticles
has not thoroughly been investigated.“”’ " Yet, it is an exciting challenge, as nanocapsules and
particles pass vasculature without obstruction. Using the cleavability of the peptide for triggered
release in sitn would be an achievement in the field of drug delivery.

On the other hand, the miniemulsion technique is a very efficient tool for the preparation
of diverse nanomaterials. The principle of miniemulsion itself, based on stabilized nanodroplets
acting as independent reactors, allows the efficient encapsulation of a payload. In particular,
several routes (nanoprecipitation, phase separation, interfacial polymerization) can be employed
to form nanocapsules with hydrophilic content, as is the case in inverse miniemulsion. For all
these reasons, the miniemulsion technique appears as a highly suitable method for the
preparation of hybrid peptide nanocapsules, with payload release properties upon enzymatic
degradation.

In the “Optimap” project, hepsin was identified as an enzyme of interest. Indeed, hepsin
- a cell surface endopeptidase - is reported to be over-expressed in more than 90% of human
prostate tumors.* Hepsin expression correlates with tumor progression, making it a significant
marker and target for prostate cancer.” A good peptide substrate sequence for recognition by
hepsin was identified to be RQLRVVGG.""" The objective was to prepare both hepsin-cleavable

nanoparticles, for the encapsulation of hydrophobic cornpounds,llOJ

and nanocapsules for the
encapsulation of hydrophilic content. More precisely, the content should be a hydrophilic dye,
self-quenched when encapsulated and which should recover its fluorescence when delivered, as
schemed in Figure 26. Thus, the desired optical signal will be emitted in the presence of
cancerous cells. In addition to this, it was possible to insert a FRET system (more exactly, an

internally-quenched fluorescent system) in the peptide sequence, to monitor the cleavage of the

peptide sequences constituting the capsules.
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Enzymatic cleavage
of the peptide sequence

™N
, X7 .

Fluorescence recovery
thanks to release of the dye

Self-quenched dye
due to high concentration

Figure 26: Description of the principle of self-quenching of a dye and fluorescence recovery by dilution.

For the synthesis of the nanocapsules and regarding the different possibilities described
previously in miniemulsion, two synthetic strategies are conceivable: the nanoprecipitation of
preformed peptide-polymer conjugates with hydrophobic polymeric chains, and the interfacial
polymerization of the peptide. While both processes have shown their efficiency for the

(163, 175, 198]

encapsulation of hydrophilic dyes, the second was already successfully used for
temperature- and light-triggered release.’” However, to study the viability of this process, a
simpler peptide sequence (GFF), cleaved by chymotrypsin!"” was initially used. Indeed, this initial
system has several convenient properties: the peptide sequence is short, does not carry side-chain

reactive groups and chymotrypsin can be used in solution without cell culture experiments.

The first part of this chapter deals with the preparation of peptide-polymer conjugates,
with respect to the desired functionalities: the use of a hydrophobic polymer and a significant
decrease of molecular weight after cleavage of the peptide recognition site. In a second approach,

the preparation of peptide-based hybrid nanocapsules via interfacial polyaddition is presented.
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IV.1 Synthesis, characterization and cleavage of linear peptide-

polymer conjugates

A significant decrease in molecular weight of the conjugate should be observed by cleavage of the
recognition peptide sequence, to insure efficient degradation of the capsules. Therefore, triblock
conjugates, with the cleavable peptide sequence located in the middle of the conjugates, are
aimed to be synthesized, as the mass of the conjugate would be divided by approximately a factor
two upon enzymatic cleavage. The synthesis of multiblock conjugates to fraction a longer chain
in several small segments would be even better. The use of a polymer with narrow molecular
weight distribution would lead to a significant loss of mass, as for triblock copolymers, the
peptide would be located in the middle of the chain. Therefore, carboxy-functionalized
polystyrene was prepared by anionic polymerization (see paragraph VI.1.2, M, = 1260 g-mol”,
PDI = 1.12) and used for the preparation of model triblock polymer-peptide-polymer conjugates
via a typical peptide-coupling reaction in solution and on solid phase. The choice of polystyrene
is justified by several criteria. For the preparation of our model linear peptide-polymer conjugate,
we need a hydrophobic polymer. Polystyrene was chosen as standard hydrophobic polymer and

PU Tt also presents the advantage to be

also used in the frame of the diploma thesis of M. Maier.
soluble in DMF as the peptides, which facilitates the coupling reaction between the two different
components of the conjugate. Later, the preparation of multiblock peptide-polymer conjugates
would be possible in solution by coupling the peptides with homotelechelic polymers, which is

possible via anionic polymerization and ATRP, thanks to telechelic initiator.”"

IV.1.1. Peptide-polymer conjugates via coupling in solution

A first approach to prepare linear peptide-polymer conjugates is the coupling of the two
components in solution. DMF, for example, is a common solvent of both the end-functionalized

polystyrene and the peptide.
Synthesis of peptide-polymer conjugates in solution

The parameters for the coupling of polymer with peptide were kept as close as possible to the
standard parameters used for the peptide synthesis and are described in paragraph VI.3.1. The

peptide GFFKG, designated as [-/2 NH,] and containing no additional feature, was used for
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these experiments. It contains two primary amine groups surrounding the peptide sequence,
making the synthesis of a triblock conjugate (polymer-peptide-polymer) possible. The coupling

reaction is represented in Figure 27.
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Figure 27: Scheme for the preparation of triblock peptide-polymer conjugate via solution
coupling from peptide [-/2NH,]. The recognition sequence of the peptide is colored
in red and the reactive groups in green.

The workup of the product was challenging, as it is difficult to separate unreacted polymer from
the product: washing with acid solution and then methanol removes activator products and
possible uncoupled peptide. Polystyrene is not soluble in methanol, but some polystyrene traces
were found in the filtrate methanol fraction. After drying, the product was a white powder that

should be constituted of polymer and peptide-polymer conjugate.
Characterization of peptide-polymer conjugates in solution

The analysis by 'H NMR spectroscopy shows some traces of peptide in addition to intense
polymer peaks. This is a positive indication but it does not prove the coupling of both species.
Moreover, the low intensity of the peptide peaks indicates a non-quantitative coupling reaction

and is an indication that the product contains pure polymer.

The diffusion-ordered spectroscopy (DOSY) NMR is here of great interest and perfectly suited

to the encountered problem concerning the proof of coupling of the peptide with the polymer.
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Indeed, if the peptide is covalently bound to the polymer, its characteristic peak in a DOSY
spectrum should appear with the same diffusion constant as the polystyrene peaks, which is
lower than the reference peptide. This behavior can be observed in Figure 28 where three
DOSY spectra are presented: the peptide [-/2NH,| (green), the carboxyl polystyrene it was

coupled with (blue), and the conjugate formed after coupling in solution and workup (red).
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Figure 28: Overlay of three DOSY spectra showing the coupling of the peptide (green, D = 10°* m*s™)
with the polymer (blue, D =10"% m*s?, M,= 6200 g-mol™) to a conjugate (red, D= 10>
mz-s'l). The insert shows the presence of peptide signal in the conjugate by increasing the
intensity of the spectra. All spectra contain DMF (8.0, 2.9 and 2.7 ppm) and water (at 3.5
ppm) peaks (D =10®" m%s™).

The peptide, smaller than the polymer, diffuses faster and has thus a bigger diffusion constant:

D =10"* m*s! while D

1985 2. - : :
epide hoymer — 1077 m™*s™. Hach reactant spectrum is present at one unique

ordinate value, with the exception of signals from water and DMF, diffusing much faster. The
spectrum of the product also contains DMF and water, but one recognizes directly that the
product is mainly constituted of polystyrene. However, this signals (red) correspond to
molecules, which have a lower diffusion constant than the polymer. Consequently, they have a
larger size. By increasing the intensity of the conjugate signal, a signal appears at 4.5 ppm with
D= 10"" m®s". It corresponds to the asymmetric carbons of the main peptide chain and

belongs to a molecule diffusing as slowly as the product: the product indeed contains peptide
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sequences covalently bound to polymer. The absence of free peptide signals is worth being

noticed: it was removed during workup. The small molecules D, = 10" m*s" with aromatic

peptide
NMR signal present in the conjugate were attributed to activators not completely removed during

workup.

Another possibility to characterize the product is SEC, as the molecular weight of the peptide is
more than doubled in case of success (2XMps + M, 4 = 3 000 g'mol ™). But before analyzing the
product of the coupling reaction with SEC, some preliminary remarks on the polymer are

necessary. The carboxy-functionalized polymer tends to form a dimer in solution as displayed on

|/ 0,-““\0 \|
/ 10
10 /
o\Hr._,o

Figure 29: Physical dimer formed by w-carboxy-functionalized polymer in solution.

Figure 29.

This can be observed in the SEC chromatograms: Figure 30 presents an overlay of the SEC
chromatograms from PS-COOLi and PS-COOH. One can clearly see a second peak in the
chromatogram of PS-COOH. The second peak is due to the formation of the physical dimer,
which is confirmed by the analysis of the molecular weight distribution: the mass are

approximately doubled in the second peak present in sample PS-COOH.
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Figure 30: Formation of physical “polymer-dimer” through comparison of SEC elugrams (left)

and molecular weight distribution (right) of the end-product (PS-COOH) with an
intermediary product (PS-COOLi, M,,=1250 g-mol ) of the same size.
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Subsequent measurements with MALDI-TOF mass spectroscopy of the polymer (Figure 36)
confirm the monomodal mass distribution centered at around 1000 g'mol'l. Therefore, the
molecular weight distribution obtained from the SEC chromatograms of PS-COOL1 was used in
the whole thesis for calculations involving the weight of the polymer, e.g. stoichiometric

proportions.

Coming back to the characterization of the product obtained by coupling reactions of the peptide
[-/2NH,] with PS-COOH, the SEC chromatograms of functionalized polystyrene and of the

coupling reaction product are superimposed in Figure 31 (left).
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Figure 31: SEC elugrams (left) and molecular weight distribution (right, calibration

polystyrene) of carboxy end-functionalized polystyrene and peptide-polymer
conjugated product.

In the SEC chromatogram of the product, one observes the presence of a shoulder in the region
of lower elution volume, which is not present in the chromatogram of the polymer. Molecules
larger than the original polymers are generated during the reaction. The size difference between
the macromolecules constituting the two peaks is all the more important, that the polymer peak
corresponds to a physical dimer of polymer, with chains twice longer as a single polymer chain, as
explicated above. However, the majority of the product has the same shape as the polymer: the
coupling reaction in solution is far from being quantitative. Assuming that all conjugates are
triblock polymer-peptide-polymer, 'H-NMR analyses gives a product made of 2.2 polymer chains
for 1 conjugate (under the assumption that the conjugates are all peptide-polymer diblock, one
finds 3.2 polymer chains per conjugate). Considering the consequent shift of the elution volume

of the shoulder and the corresponding molecular weight increase with PS calibration (Figure 31,
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right), one explanation could be that branching reactions occur by coupling of an amine group of
the peptide with the C-terminus of another peptide. Yet, only the carboxylic groups of the
polymers were activated before mixing the reactants, to lower the probability of this side reaction,
but it might still take place. Overall, the main problem remains, that a minor amount of peptide-

conjugates are formed: the yield of the coupling reaction in solution is not high enough.
Conclusion

The coupling reaction between w-carboxy-functionalized polystyrene and amino functionalized
peptide in solution in DMF shows promising results. A size increase of the product after
coupling has been detected with SEC and in DOSY-NMR, and the proof of covalent coupling
between peptide and polymer is shown. However, the use of a polymer, which has a size
distribution, complicates the work with stoichiometric proportions of reactants. The reaction is
far from being quantitative, although the remaining peptide can be removed from the product.
More problematic is the majority of unreacted polystyrene, which cannot be simply separated
from the conjugate. Such technical difficulties do not speak in favor of the coupling in solution,

which will be compared in the next paragraph to the coupling on solid phase.

IV.1.2 Triblock peptide-polymer conjugates via coupling on solid
phase

In the case of peptide-polymer coupling, it is possible to take all advantages of solid-phase
coupling like in SPPS, such as the use of excess reactant, followed by the washing of the polymer
which has not reacted with the peptide, which means that there is no problem of stoichiometry
anymore but foremost no mixture of polymer and conjugate in the product. One issue could be
the steric hindrance: it could be difficult for the polymer to access and react with the peptide
inside the mesh of the cross-linked resin. Therefore, low-loaded resin (the amount of peptide is
0.33 mol'g" of resin vs. 0.61 mol-g" for a standard resin) was used. It should favor the coupling
reaction, at least by limiting the steric obstructions between peptides next to each other.
However, it is reminded that the use of a short polystyrene chain length (M, = 1250 g'mol”,

PDI = 1.12) as model system should also minimize this negative effect.
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Synthesis of conjugates via coupling on solid phase

The coupling reaction was performed in a microwave oven, with parameters similar to the
conventional peptide coupling. Only the reaction time was increased (three times 30 minutes
compared to than 5 min), as the reaction between the polymer and the peptide is expected to be
slower than with an amino acid (due to diffusion of the polymer inside the resin and the steric
hindrance). The reaction is outlined in Figure 32. Concerning the structure of the peptide
prepared, the lysine residue was used as branching point to obtain two terminal amine groups
ready to react with the functional polymer and form a triblock peptide-polymer conjugate. A
consequence is that the recognition sequence is present twice, which should make the peptide
casier to cleave. Because of the unusual configuration of the peptide [Y-shape/2NH,| or
[“Y”/2NH,], it was also synthesized and characterized alone, separately from solid-phase
coupling experiments (see paragraph V1.2.2) The product was selectively precipitated in methanol
and dried after coupling reaction to the peptide and a usual cleavage in TFA/TIS/H,O solution.
= M, = 1250 g'mol, the yield of

Considering that the reaction was quantitative and that A

polymer

the reaction after purification was 11%.

HN’\n’ ggg)k /\Lro-- Resin
Yy gg

0
N

cleavage from the resin

I=

After coupling and

Figure 32: Scheme of the coupling reaction on solid phase between peptide [“Y”/2NH,] and shorter
PS-COOH chains. The recognition sequence of the peptide is colored in red and the reactive
groups in green.
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Characterization of the triblock conjugate

The dried product was investigated by 'H-NMR (Figure 33) and DOSY-NMR (Figure 34), SEC
(Figure 35), and MALDI-TOF MS (Figure 36). It is reminded that regarding the method
employed, the presence of polystyrene would already guarantee a successful coupling, as the
uncoupled polystyrene is washed away during the solid-phase coupling process. This is exactly
what is detected in the "H-NMR spectrum (Figure 33): one can clearly observe the presence of
aromatic protons of polystyrene in the product, as well as some characteristic peaks from the
peptide (asymmetric carbon atoms around 4.5 ppm). Moreover, the primary amine peak of the
peptide at 7.85 ppm is not to be seen any more in the conjugate. By integrating these peaks as
references, one can estimate that there are 22 styrene units per conjugate, which is in good

agreement with the ratio theoretically expected (23) for triblock linear conjugate with the

polystyrene used for this experiment (M, = 1250 g'mol" corresponds to a DP of 11.5 for PS-

COOH).
Conjugate
) Polymer
9.0 B.‘S EI.‘IJ 7.‘5 7:!] Dhanicdﬁ.ghift 6‘.0 5.5 5.0 4.‘5
Figure 33: Superposition of part of the 'H-NMR spectra of peptide, polymer and

conjugate product showing the presence of characteristic peaks of the
peptide and polymer in the conjugate.

Moreover, the product was also characterized with DOSY-NMR spectroscopy, as confirmation.
The results are superimposed in Figure 34: the peptide signal (green), the polymer (blue) and the

conjugate product (red). Thanks to the trace of the NMR spectrum of the conjugate, one can
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clearly see that the characteristic peaks of the peptide belong to a molecule which does not

diffuse as quickly as the peptide and additionally is much bigger than the polymet (D, e = 107
m*s" while D,,...= 107 m?*s"). The peptide-polymer linear conjugate has been prepared
successfully. No free peptide is detected, which confirms the efficiency of the workup.
W
log(m2/s) |
-9.8
~9.6 w&q )
o Wi
041 |
-9.2+
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-8.6
e LR REARY RS LR RALED LA AR LIALLY ML R LA
95 90 85 80 75 7.0 65 6.0 55 5.0 ppm
Figure 34: Overlay of three DOSY-NMR spectra showing the solid-phase coupling of the

9.47 9.55

peptide (green, log D =10 mz-s'l) with the polymer (blue, log D =10
m*s?, M,= 1250 g-mol™) to the conjugate (red, log D = 107 m>s™). The 'H-
NMR spectra of the conjugate is traced above, with characteristic peaks of
the peptide and of the polymer.

The SEC-chromatograms sketched in Figure 35 confirm undoubtedly a significant increase of
the size of the molecules, especially since we know that the end-functionalized polystyrene is
mainly present in “dimer” form (see paragraph IV.1.1). More important, here no shoulder is
detected as in solution coupling, but a shift of the complete peak towards lower elution volumes
takes place. It seems surprising to observe a narrower size distribution for the conjugate than for
the polymer. There are several explanations: the signal of the polymer is broad because of the
presence of polymer and polymer “dimer”: one can actually see the shoulder in the tail of the

peak. The conjugate also has less or no more amine peaks available and is less liable to present an
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adsorption tail from the interaction with the column. The peak of the conjugate is also narrower
because of the workup of the product. Indeed, only the conjugates with the longest polystyrene
chains have precipitated when methanol was added. The washing methanol fraction still contains
some conjugates (detected in NMR and observed in MALDI-TOF — see Figure 36), which have
not precipitated because they are made from shorter polystyrene chains. This contributes to the
higher narrowness of the peak of the purified product compared to the polymer in the SEC
chromatograms. Finally, on the solid phase, the conjugate has a smaller size compared to the first
chains detected in case of coupling in solution (I, = 27.7 mL in SEC for conjugates prepared on

solid phase against 1/, =26.9 mL for the product of solution coupling). It supports the

el

hypothesis of the formation from branching points in the conjugates during solution coupling, as

mentioned previously.

Conjugate
I |—— PS-COOH

Conjugate
I |—— PS-COOH

DRI Intensity / a.u.
w log (M)

10000

26 27 28 29 30 31 1000

Elution volume / mL Molecular weight / g-mol'1
Figure 35: Overlay of SEC chromatograms (left) and molecular weight distribution (right,

calibration polystyrene) from reference polystyrene and from solid-phase coupling
conjugated product.

At this point, it can be asserted that the solid-phase coupling leads to the successful synthesis of
the desired peptide-polymer conjugate. From here, the nature of this conjugate (di- or triblock)

will be investigated, mainly with MALDI-TOF mass spectroscopy.

Figure 36 presents two MALDI-TOF mass spectra of the polymer and of the conjugate product.
While the mass spectra of the polymer shows good agreement with the SEC data, the spectra of
the peptide-polymer conjugate shows a significant mass increase. As in the case of the polymer,
the series of peaks is separated by exactly M, ...= 104 g'mol”, which confirms the presence of

polystyrene in the products. The analysis of the molecular weight measured also gives information

on the nature of the product (diblock or triblock). Indeed, the molecular weight of the polymer
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distribution (blue) is centered on 1250 g'mol" and the longest polymer chains have a molecular
weight of approximately 2000 g'mol”. As M, epige = 906 g'mol”, one would expect for diblock
conjugates a distribution centered at 2150 g'mol’ with a maximum molecular weight around
2900 g-mol”, and centered at 3400 g'mol” with peaks up to 4900 g'mol” in the case of triblock
conjugates. The mass distribution of the purified conjugate product (red) is centered at
3200 g'mol" with the presence of peaks over 4200 g'mol'. This distribution fits with the
molecular weights expected in the case of triblock copolymer. The analysis of the molecular

weight values speaks in favor of the preparation of triblock rather than diblock conjugates.
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Figure 36: MALDI-TOF MS of the reference polymer (bottom, blue), of the

conjugate product after solid-state coupling (up, red) and of the
conjugate contained in the washing fraction (middle, green). Mass
difference between the peaks correspond to a styrene unit
(104 g-mol™).

72



V. Results and discussion

However, the attempts to precisely attribute each peak to a conjugate with a defined number of
styrene units remained unsuccessful. This would have been particularly interesting, as in case of
success, a qualitative distinction between di- and triblock conjugate would have been possible, the
diblock and triblock peptide-polymer conjugates belonging theoretically to two distinct series of
peaks. This would be due to the presence of one butyl-residue (from initiator sec-butyl lithium in
anionic polymerization) in the diblock or two butyl-residues in the triblock. The non-precipitated
conjugates present in the washing fraction (green) have a lower molecular weight than these in the
purified product: the shortest conjugates are soluble in methanol because of the peptide sequence
and the too short polystyrene chains. The mass distributions of the purified and the non-
precipitated conjugates have main peaks with the exact molecular mass. This speaks in favor of the

formation of triblock conjugates, also for the non-purified conjugates.

Finally, a ninhydrin test for the detection of primary amines was processed on the product and
turned out to be negative, as expected for a triblock conjugate, whereas a diblock conjugate still
has a free amine group. At the end, all indications observed speak in favor of the formation of
triblock “polymer-peptide-polymer” conjugate. This is a satisfying result, as a possible enzymatic
degradation would be easier to observe, and above all because this is the structure needed for the
preparation of nanocapsules. One can be surprised that with such low yields (11%), only triblock
conjugates and no diblock are obtained. The only reasonable explanation is that diblock conjugates

do not precipitate in methanol, like the shortest triblock conjugates.

IV.1.3 Enzymatic cleavage of triblock peptide-polymer conjugates

As shown above, linear triblock peptide-polymer conjugates were synthesized on solid phase
using peptide-coupling chemistry. It is now of primary interest to see whether enzymes can
cleave such hydrophobic conjugates in heterophase. Microparticles of conjugates were prepared
by ultrasonication of a dispersion of the conjugate in water and solution of trypsin preparation
was added. The description of the experimental protocol used for an enzymatic cleavage is
available in paragraph VI.5.1. The MALDI-TOF MS analyses of the dried product are plotted in
Figure 37.
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Figure 37: MALDI-TOF MS of triblock conjugates before (top) and after (bottom) enzymatic
cleavage. The series of the conjugate correspond to ionization with cation K*,
whereas the degraded product contains product with cations Na* and K.

In the mass spectrum of the sample treated with the enzyme, the original peaks of the conjugates
are still present, but a new series of peaks are visible after the experiment. The new peaks show
lower masses than the intact conjugates (around 1 500 g'mol” less) and their peaks are all
separated by an interval of 104 g'mol". The peaks could not be assigned to a polystyrene chain
containing a defined number of styrene units with a pending GF residue, as it would have been
theoretically expected after cleavage of the GFF recognition sequence by chymotrypsin.!"”
However, the presence of such a regular peaks series should not be due to destruction of the
conjugates during the ultrasonication process, which would have surely lead to more varied

degradation products. As a result, it can be stated that a partial enzymatic degradation of triblock

linear conjugates in heterophase was successfully achieved in this experiment.
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Conclusion

In this first part, two routes to prepare linear peptide-polymer conjugates via a direct coupling
method were investigated. The reaction in solution led to the successful synthesis of conjugates,
but the reaction was not quantitative and it was very difficult to separate the conjugate from the
remaining polymer. In solid phase, the washing of excess reactant polymer during the synthetic
process gives a product which is much easier to purify afterwards. Yet, the yields obtained were
relatively low. The conjugates were thoroughly characterized and at the end, partial enzymatic
degradation in heterophase was achieved. Although these results are very interesting and still let
place for further experiments, and even more exhaustive characterization, the approach of
coupling step between (short) hydrophobic polymers and a simple peptide has shown its limits.
The above-mentioned difficulties would certainly increase with the molecular weight of the

[163]

polymer, and longer chains are required for nanoprecipitation. Another method was

investigated, with higher peptide content and more efficient coupling.

For all these reasons, the second method presented in the next part can be considered as a more
straightforward approach. The goal is to achieve the preparation of nanocapsules by interfacial
polyaddition of the peptide dissolved in dispersed phase with another monomer dissolved in the
continuous phase. Therefore, it was decided to use the amine group of lysine to react with

isocyanate group and form urea bonds to prepare the desired hybrid polymer.

IV.2 Development of a method to prepare peptide-based hybrids

nanocapsules

[152, 153,

The protocol developed is inspired by the work published by other members of the group,
' with the preparation of polyurethane and polyurea nanocapsules by interfacial polyaddition in
inverse miniemulsion. Nevertheless, they were mainly working with various systems, based on
small molecules (1,6-diaminohexane, 1,6-hexanediol, diethylenetriamine) with a high density of
reactive groups reacting with TDI or other diisocyanate molecules. Crespy reported successful
experiments using dextran or starch as polyalcohol, and TDI as cross-linker."™ The use of
macromolecules is possible but in these cases as well, the density of reactive group was very high

with three hydroxyl groups per sugar unit. It was then necessary to adapt their protocols, by

taking in consideration the specificities of a peptide-based system.
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- While the work of Rosenbauer!"™ was carried out with water as dispersed phase, the
peptides used in this thesis are not water soluble (enough). It is thus necessary to tailor
this system to another solvent for the disperse phase. DMF and DMSO are good
candidates, as they dissolved the peptides well. Crespy had already successfully performed

experiments with DMSO and formamide as dispersed phase.">”

- The change of solvent may lead to the utilization of other surfactants to stabilize the
nanodroplets. In addition to this, the surfactant used — typically a nonionic surfactant in
the case of inverse miniemulsion — should not bear functions liable to react with

isocyanate group, e.g. amine or alcohol.

- The use of significantly big (from 1000 to 2000 g'mol”) and expensive oligopeptides as
diamine or polyamine will certainly restrain the experiments to small amounts of peptides
for each assay, especially during the establishment of the method. However, by reason of
molecular weight difference between peptide (around 1000 g'mol’) and TDI
(174 g'mol"), the concentration of peptide in the dispersed phase has to be high so that
the amount of equivalent TDI remains significant, and also to achieve a sufficient solid

content.

IV.2.1 Choice of the surfactant

The use of Lubrizol U (polyisobutylene-succinimide pentamine), used as a surfmer by

| was avoided since it would have reacted with TDI.

Rosenbauer and al.,”*'"
The first tries were carried out with three different surfactants: polyglycerol polyricinolate
(PGPR), Fortegra 100 (epoxy toughener from Dow Chemicals) and poly(butylene-co-cthylene)-4-
poly(ethylene oxide) (P(B/E-4-EO), in DMF and DMSO. Strictly speaking, PGPR, Fortegra 100
and P(B/E-/-EO) are all likely to react with TDI as these large surfactants catry one or few
alcohol group(s). Although several different concentrations of surfactant were used, only the

miniemulsions prepared with the surfactant P(B/E-4-EO) were stable. From this point, all the

miniemulsions were stabilized with this linear nonionic block copolymer.
IV.2.2 Optimization of synthetic parameters

As system leading to stable nanodroplets: cyclohexane was chosen as continuous phase with
DMSO or DMF as dispersed phase stabilized with P(B/E-4-EO). The following parameters wete

investigated during a series of experiment:
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- Possible use of lithium bromide as osmotic pressure agent: indeed, in addition to its
osmotic agent role, the salt could also help dissolving a large amount of peptide in the
dispersed phase.

- Concentration of surfactant P(B/E-/-EO): on the one hand, an increasing concentration
of surfactant should ensure the formation of smaller droplets and therefore smaller
capsules. On the other hand, due to the low amount of reactant, as less surfactant as
possible is be preferable.

- Variation of TDI equivalents: as diisocyanate, TDI can react with a variety of different
nucleophilic groups as described in paragraph I1.6.2. In our case, with the exception of
the amino groups of the peptide, the most probable are water molecules (DMF and
DMSO were not dried), and hydroxyl end-groups of the P(B/E-/-EO) surfactant, but
also reactions with the carboxylic end-group of the peptide or with the amide or urea are
possible. However, please note that the reactivity of TDI with amino groups is much
larger than for hydroxyl groups.” As a result, it may be necessary to vary the amount of

TDI to obtain the nanocapsules, but also to adjust the thickness of their shell."> '™

Each sample corresponding to a different combination of those parameters was prepared. For
every sample prepared, a stable suspension was obtained. The sizes measurements with PCCS of

all the samples prepared are listed in Table 1 and summarized graphically in Figure 38.
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Summary of size and size distribution measurements obtained with PCCS for the study of synthet
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Figure 38: Summary of the size distribution measured during a series of experiments to

optimize the following parameters: nature of the dispersed phas,e amounts of TDI
equivalents and concentration of surfactant. For example, 0.3%-1.5 eq. means 0.3
wt.% surfactant related to continuous phase and 1.5 equivalents TDI per amine
group on the peptide. x, is the value for which n% of the particles are smaller than
this value.

In this paragraph, the main results and trends to be noticed, concerning the stability and the

particles size of this series of experiments are reported. It is remarkable that all the samples

prepared result in stable dispersions, independently of the dispersed phase or of surfactant ratio.

Indeed, ten randomly chosen samples show negligible size variations one month later. The size of

the particles is in the range of a few hundreds nanometers (from 200 to 500 nm approximately).

Nanoparticles are obtained, however they are relatively big, especially in the perspective of

cellular uptake. It actually seems that the general system employed, provides a stable basis for the

production of peptide-based capsules. The influence of the synthetic parameters studied can be

summarized as following.
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In pure DMSO, the size distribution of the capsules follows the expected results in miniemulsion:
the size of the capsules decreases when the concentration of surfactant increases: from 420 nm in
average with 0.3 wt.% surfactant to the continuous phase, to 210 nm with 1 wt.% surfactant.
Besides, an increasing amount of surfactant leads to a narrower size distribution, which confirms
that the surfactant efficiently stabilizes the droplets. In pure DMF, capsules of relatively big sizes
(Xs0avernge = 550 nm) and with broad size distribution are obtained. Furthermore, the increase of
the surfactant concentration does not lead to a smaller size of the droplets: probably, Ostwald
ripening occurs more easily with DM, less polar than DMSO and more likely to diffuse through
cyclohexane. It is highlighted here that TDI was added to the miniemulsion only a few minutes

after ultrasonication.

Moreover, DMSO (p = 1.1 kg'L" at room temperature) is a more dense solvent than DMF (p =
0.95 kg'L'l). For this reason, as the same weight of solvent was added, it is expected to obtain

smaller droplets (and afterwards capsules) with DMSO as dispersed phase than with DMF.

The addition of LiBr in the DMF-based dispersed phase has a strong influence on the size
distribution of the capsules. Overall, they are significantly smaller (330 nm in average with LiBr
against 550 nm without). The increase of the surfactant concentration slightly decreases the size
of the capsules: from 360 nm with 0.3 wt.% surfactant to 290 nm with 1 wt.% over 345 nm for
0.5%. In conclusion, LiBr plays fully the role of an osmotic agent in DMF, as it limits Ostwald

ripening and contributes to the stabilization of smaller droplets.

The addition of LiBr in DMSO almost does affect neither the size of the capsules, nor the
broadness of their distribution. This can be explained by the higher polarity of DMSO, which
limits its diffusion through the continuous cyclohexane phase. The effect of LiBr as osmotic

pressure agent is thus not predominant in DMSO.

Generally, the amount of TDI equivalents added does not have a significant influence on the size
of the particles. This confirms the results reported previously with a polyaddition system in
miniemulsion, where the size of the capsules was unchanged by increasing amounts of TDI,

whereas the thickness of the capsules was slightly increasing.">”
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IV.2.3 Characterization of the peptide-based hybrid by electron

microscopy

The structure of the capsules obtained from these dispersions was observed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). In addition to the confirmation
of a proceeded polyaddition, the micrographs also give structural information on the nano-

objects synthesized.

Scanning electron (SE) micrographs observed from some samples presented on Table 1 are

displayed in Figure 39.

d=220 nm —_— d=260 nm

Figure 39: Collection of scanning electron (SE) micrographs, all obtained from DMF with 5 g-L'1 LiBr as
dispersed phase if not stated otherwise a) 1% surfactant with 1 equivalent TDI, in pure DMF
b) 1% surfactant and 1.5 equivalents TDI — c¢) 1% surfactant and 1 equivalent TDI — d) 0.3%
surfactant and 1.5 equivalents TDI — e) 0.3% surfactant and 1 equivalent TDI.

All pictures presented in Figure 39 show nanostructures with sizes comparable to those
observed with PCCS. Moreover, capsule structures (collapsed due to the vacuum) are observed in

each sample. Both characteristics indicate that the interfacial polyaddition reaction proceeds
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successfully forming the desired capsules structure. The few non-collapsed structures can be
interpreted as non-collapsed capsules or particles. In these cases, transmission electron
microscopy can help differentiating them. Overall, scanning electron microscopy confirms the

results obtained until here and displays some very nice capsules structures. Transmission electron

(TE) micrographs of other samples issued from Table 1 are displayed in Figure 40.

Figure 40: Collection of transmission electron (TE) micrographs on samples using DMF with 5g-L'1 LiBr as
dispersed phase if not stated otherwise, with the following parameters: a) 0.3% surfactant
and 1 equivalent TDI, c) is an enlarged part of a) — b) 0.5% surfactant and 1 equivalent TDI —
d) 0.5% surfactant and 2 equivalents TDI in pure DMF — e) 0.5% surfactant and 1.5 equivalent
TDI.

The micrographs confirm the presence of capsules in the samples. For example, micrographs
from Figure 39e and Figure 40a correspond to the same sample and demonstrates that some
collapsed particles observed with SEM correspond to capsules in TEM. Some samples (Figure
40d) present rather “angular” capsules while more round structures are observed on (Figure
40c). Even more interesting is the graduation of structures from capsules (Figure 40a) to a
sample with particles (Figure 40b) over sample presenting mix of both (Figure 40e). To sum up,

the TEM analyses confirm the presence of solid nanocapsules in many samples.
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No correlation between the size of the particles and the amount of TDI equivalents was
determined, as seen from the PCCS results (Figure 38). Similarly, no obvious relation between
the amount of equivalent TDI and the thickness of the capsules was observed. It has to be
mentioned that all the pictures displayed previously in SEM and TEM were prepared with DMF
as dispersed phase. The samples prepared with DMSO presented a film or undefined melted
structures on the surface. Possibly the degree of polymerization is lower in DMSO and the
structures are not rigid enough for observation under electron microscopy. This was not
investigated further and does not prove that the interfacial addition reaction is not occurring, but
this observation definitely played a role in the choice of DMF for dispersed phase for the
following experiments. Finally, capsules structures were observed for each surfactant
concentration. The surfactant concentration cannot be considered as a critical parameter for the

structure of the peptide-based nanoparticles.
Conclusion

As a result, it was decided to carry on the next experiments with the following investigated

parameters:

- Keeping the concentration of peptide in dispersed phase (50 mg peptide in 0.75 g).
- DMF with 5 g*L." lithium bromide as solvent for the dispersed phase.
- P(B/E-b-EO) surfactant in the proportions of 0.5 wt.% to continuous phase.

- A TDI equivalent amount of 1.5 related to the number of amine groups on the peptide.

The choice of DMF with lithium bromide was principally motivated by the guaranty of peptide
dissolution, as the peptides used subsequently are liable to be more hydrophobic because of the
presence of the FRET system. The importance of the lithium bromide addition was confirmed by
the experiments, especially to decrease the size of the components of the dispersions in DMF.
The choice of the surfactant ratio was the result of a compromise between a lower size of the
capsules and a contribution of the surfactant to the solid content maintained as low as possible,
because it is already important. Finally, choosing 1.5 equivalent of TDI was done principally on
the experience that an excess of isocyanate was an effective rule, because of side reaction with

[152, 175

water or alcohol group of the surfactant | but this parameter is liable to be changed in the

next experiments depending on the nature of the peptide.

Here are a few remarks concerning the developed system. In cyclohexane, the solid content of
the miniemulsion is approximately 1.5 wt.% (depending on TDI equivalent and presence or

absence of encapsulated dye). The peptide represents around 60% weight of this solid content.

83



V. Results and discussion

IV.3 Synthesis, characterization, and cleavage of peptide based

hybrid nanocapsules

IV.3.1 Peptides used for capsules preparation

Description of the peptides

In this part, 4 different peptides used for preparing the nanocapsules are introduced. The
structures of these peptides are displayed and the characteristics of each of them are briefly

presented.

Peptide [Mant/2NH,] - K(Mant)GFFY(NO,)G

The peptide KMant)GFFY(NO,)G, designated as [Mant/2NH,] (see Figure 41) contains a
FRET system surrounding the recognition sequence GFF. The FRET system — consisting of a
fluorophote/quencher pair — is introduced for optical detection of the peptide cleavage of the
peptide sequence, via an increase of fluorescence. Here the fluorophore is the IN-
methylanthraniloyl- (Mant) group (A, = 315 nm and A, = 425 nm) and 3-nitrotyrosine
(Tyr(NO,)) the suitable quencher.”™ The addition reaction is possible at both extremities of the
peptide through the amine group in N-terminus and the lysine in penultimate position. To sum

203]

up, if one neglects the much slower™™ possible reaction of TDI with the C-terminus carboxylic

group, this peptide is designed for the preparation of linear peptide base polymer.

. gggg

¥(NO,)
/
H Mant
Figure 41: Structure of peptide [Mant/2NH,]. The recognition sequence

is traced in red, the fluorophore group in violet, the quencher
in blue and the reactive groups for polyaddition in green.
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Peptide [Mant/3NH,] - K(Mant)KGFFY(NO,)G

The peptide K(Mant)KGFFY(NO,)G, designated as [Mant/3NH,| (see Figure 42) is the same
than the previous one, with the exception that the additional lysine in second position brings a
third amine group (two lysine amino acids and the N-terminus). Therefore, this peptide should
potentially lead to longer chains, probably branched or even cross-linked. It is legitimate to
wonder why the lysine is introduced in second position, after the dye, rather than before. This is
due to the Mant-lysine amino acid, from which it is not possible to synthesize further linearly.
Indeed, the secondary amine on the Mant group can react with an amino acid during further
coupling reactions. Other protective groups were considered."” Unfortunately, complete
methylation of the amino group is not relevant as the product N,N’-dimethylanthranil acid does
not exhibit fluorescence.”™ As a result, the sequence between the fluorescent dye and the
quencher is not exactly the same as in peptide [Mant/2NH,] presented above. In this sequence

[Mant/3NH,], the additional connecting lysine had to be introduced inside the FRET pai.

NH
o i Mant
HN

HN I ngggé\w COOH

2T

Figure 42: Structure of peptide [Mant/3NH,].

Peptide [Mca/3NH,] - KK(Mca)GFFK(Dnp)G

The peptide KK(Mca)GFFK(Dnp)G, designated as [Mca/3NH,] (see Figure 43), is the replica
of the previous one with two differences: the fluorophore/quencher pair has now been changed
to (7-Methoxycoumarin-4-yl)-acetyl- (Mca, 4, = 340 nm and A, = 405 nm) / dinitrophenyl

(Dnp)." The second lysine was placed here in N-terminus position, to have the FRET pair

framing only the recognition sequence.
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Figure 43: Structure of peptide [Mca/3NH,].

Peptide [Mca/7NH,] - KKKK(Mca)GFFK(Dnp)-KKKG

The peptide KKKK(Mca)GFFK(Dnp)KKKG, designated as [Mant/7NH,] (Figure 44), is
similar to the previous one: it has the same recognition sequence, and the same FRET system. It
differs only in the number of lysine amino acids: three at the beginning and three at the end of
the sequence, which gives a total of seven amino acids. This peptide is multi-functionalized to
increase the probability of formation of branched polymers. It is expected to generate longer

peptide-based polymeric chains as well as a better entrapment of encapsulated molecules.
H,N H,N H,N H,N
H O H 9 Ho 9 Ho© H O H
NN NS A N A AN N Ay AN s Ay N coom
o H o H o H o H o H o
H,N HN HN H,N
0

Dnp

0 NO,

Figure 44: Structure of peptide [Mca/7NH,].

Cleavage of free peptides in solution

As all the peptides carry a FRET system surrounding the recognition site, the cleavage in solution
of those peptides can be monitored by fluorescence measurements. The cleavage of each peptide

by trypsin preparation is represented in Figure 45.
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Figure 45: Enzymatic cleavage against time of the peptides used to prepare the nanocapsules. All

curves were normalized with maximum point equal to the unity. Concentrations of peptide
are 10° M. Measurements done by N. Kotman.

An increase of fluorescence is observed for each peptide: all of them are cleaved by the
commercial trypsin preparation, in a time scale ranging from a few minutes to one hour. As the
graphs are normalized and the peptides do not contain the same FRET pair, no remark is done
here concerning the efficiency of the quenching or the relative amount of peptide actually
cleaved. Comments on the kinetics can still be done with a pairwise comparison of peptides
differing from only one parameter. Peptide [Mca/3NH,] is cleaved much faster than peptide
[Mant/3NH,], although both peptides have three surrounding amine groups. More than the
nature of the FRET pair, this difference is attributed to the fact that the Mca/Dnp FRET pair is
attached to the peptide with a lysine as flexible linker, whereas in peptide [Mant/3NH,], the
Y(INO,) group is closer to the peptide backbone and can hamper the recognition of the sequence
by the active site of the enzyme. Furthermore, the addition of surrounding lysine residues
(variation of hydrophilicity) has an influence on the enzymatic cleavage, but only to certain
extend. Indeed, while the comparison between peptide [Mant/2NH,]| and [Mant/3NH,] shows
that the addition of a lysine accelerates the cleavage, results obtained with peptide [Mca/3NH,]
and [Mca/7NH,] tend to demonstrate that a too big number of lysine brings probably more
steric hindrance than benefic hydrophilicity. Another explanation could be the following: trypsin
is known to cleave in the C-terminus of a lysine. It is possible, that the increasing amount of

lysine favors this other cleavage reaction, which does not lead to fluorescence recovery, as the
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lysine residues are located outside the FRET pair. As a result, this competitive cleavage reaction
could slow down the degradation of the recognition site by chymotrypsin, especially in the

presence of numerous lysine residues, as in the case of peptide [Mca/7NH,)|.

The influence of surfactant P(B/E-/-EO) and SDS on the enzymatic cleavage was also tested in
relevant concentrations regarding the future miniemulsions (0.25 wt.% for P(B/E-/-EO) and
0.3 wt.% for SDS corresponding to their maximal concentration possible without dialysis). The
fluorescence increase and its speed were similar for peptide [Mant/2NH,] and [Mant/3NH,] with
the presence of surfactant. No significant difference in the cleavage of the dissolved peptide

sequences were observed in water or in PBS buffer in the presence of surfactant.

IV.3.2 Preparation and characterization of hybrid nanocapsules with

FRET pair Mant/Y(NO,)

The nanocapsules were prepared with the standard protocol described in the experimental part,
which is summarized in Figure 46. The parameters are described in Table 2. The samples were
characterized thoroughly with the methods described in the following paragraphs before

redispersion in water.
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Figure 46: Schematic representation of standard protocol for the preparation of
peptide-based nanocapsules.
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Table 2: Dispersions prepared from peptide containing the FRET pair Mant/Y(NO,).

. . TDI Xso in cyclohexane
Sample Peptide used Dispersed phase equivalents (nm)

JA46 [Mant/2NH,] DMF +5 g-L™ LiBr 1.5 232

JA47 [Mant/3NH,] DMF +5 g-L™ LiBr 1.5 208@

Verified polymerization via SEC

In order to verify the successful addition reaction of these new peptides bearing FRET systems,
one method to characterize the capsules, not used until now, is the size exclusion
chromatography. The SEC chromatograms were measured at 270 nm, which allows a selective
detection of the products made of peptide and TDI (absorbance of the aromatic groups:
phenylalanine residues, FRET pair and of TDI), as the surfactant P(B/E-4/-EO) is not absorbing
at this wavelength. Mainly, the objective of such an analysis is to observe the formation of
macromolecules after the polyaddition step. It will also be relevant to compare the size of the
polymer chains obtained from the two different kinds of peptide: from peptide [Mant/2NH,)
(linear) or from [Mant/3NH,] (possibility of branching). The SEC chromatograms of the
peptides and of the corresponding freeze-dried suspension after polyaddition are displayed in

Figure 47.

Capsules from [Mant/2NH,] Capsules from [Mant/3NH,]

- - - - Peptide [Mant/3NH2]

- - - Peptide [Mant/ZNHz]

Absorption intensity (270 nm) / a.u
Absorption intensity (270 nm) / a.u

25 30 35 40 45 25 30 35 40 45
Elution volume / mL Elution volume / mL
Figure 47: Overlay of SEC chromatograms from peptide and polymers. Left: Peptide

[Mant/2NH,] and its polymer (red) generated via interfacial polyaddition. Right:
Peptide [Mant/3NH,] and its polymer (blue).
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The first remark to be done concerning those SEC chromatograms are the signs of adsorption of
both peptides on the column. One can see it clearly from the asymmetric form of the peaks, with
the presence of a tail. It means, that the strict conditions for SEC are not fulfilled, as the mobile
phase interacts with the stationary phase. However, the main result is that there is a clear shift
toward lower elution volumes — ie. towards higher molecular weights — showing that
polyaddition took place in both cases. No molecular weight distributions are displayed, as there
was no relevant standard available to plot a calibration curve. Moreover, the usual standards are
linear, whereas here a most likely polymer with branching points was prepared from
[Mant/3NH,]. However, one could expect a more significant shift of the elution volume towards
higher molecular weight, especially in the case of the polymers formed from [Mant/3NH,]. This
can be explained principally by two reasons: polyaddition does not yield a high degree of
polymerization for not too high conversion (see paragraph I11.6.1). Additionally, it is published
that branched polymers have lower hydrodynamic radii than linear polymers of equal molecular

"4 Formulated in another way, a branched

weight, as they form a denser structure in solution.
polymer with higher molecular weight will elute at the same time that a linear polymer with lower
molecular weight but the same hydrodynamic volume in solution. According to Figure 47, there
is no significant difference of the hydrodynamic volume between the polymers formed in
polyaddition from peptide [Mant/2NH,| and the polymers formed from [Mant/3NH,]. The

formation of macromolecules during the polyaddition stage is a good sign but one should not

formulate any other conclusion yet.
Confirmed consumption of peptide monomer via HPLC

Another possibility to determine quantitatively how well the addition polymerization proceeded is
HPLC. Using this method, an estimation of the monomer conversion can be achieved. The
samples were dissolved in a THF/0.1 wt.% TFA in H,O solution. This mixture did not fully
dissolve all the components of the freeze-dried miniemulsion but at least, it is sure that the free
peptide remaining is fully extracted, as it is completely soluble in DMF. Figure 48 presents the

HPLC elugrams of the peptide and the dissolved part of the freeze-dried inverse dispersions.
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Capsules from [Mant/ZNHz]
- - - Peptide [MantIZNHZ]

B \ Capsules from [Mant/3NH] | |

Peptide [Mant/3NH2]

Absorption intensity (220 nm) / a.u.
1
Absorption intensity (220 nm) / a.u.

4 5 6 7 8 9 10

Elution volume / mL Elution volume / mL
Figure 48: Overlay of 2 HPLC chromatograms of peptide and polymers. On the left (red), peptide

[Mant/2NH,] with its polymer formed by interfacial polyaddition and on the right (blue),
peptide [Mant/3NH,] with its polymer. In each curve, the overall peptide amount (as free
peptide or polymer) injected is the same.

Both elugram overlays clearly show that the amount of free peptide is less in the extracted sample
after the interfacial reaction. Polyaddition proceeded, with only a small amount of unreacted
monomer peptide left. A higher conversion of peptide is obtained with the cross-linker peptide.
This confirms the importance of a multifunctional peptide in the preparation of the capsules: an
increasing conversion would be synonym of longer chains and probably of better encapsulation

of the payload.
Limited additional information of infrared spectroscopy

Infrared (IR) spectroscopy is useful to follow the reaction of the isocyanate group.'” It was even
used to estimate the ratio of urethane and urea bonds when nanocapsules were prepared from
1,6-hexanediol and TDI, with water as dispersed phase. Consequently, IR spectroscopy brings
relevant information on the peptide-based capsules. Figure 49 presents the overlay of the IR
spectra from peptide [Mant/3NH,| and of the freeze dried capsules obtained by interfacial
polyaddition.
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Figure 49: Overlay of IR spectra from peptide [Mant/3NH,] and from capsules formed by

interfacial polyaddition of this peptide with TDI in inverse miniemulsion.

The spectrum of peptide [Mant/3NH,] presents a maximum absorption peak at 1630 cm™. Tt
corresponds to the C=0 bonds of the peptides, presents in the numerous amide bounds and the
carboxylic acid in C-terminus. One observes also broad peaks at 3285, 3075 and 2940 cm, which
correspond to the NH bonds of the amino and amide groups of the peptide. The other peaks are
not easy to attribute, but the spectrum still constitutes a fingerprint of the peptide. The spectrum
of the freeze-dried capsules presents three intense absorption bands at 1645, 1385 and 1090 cm'.
They belong to DMF, the solvent of the dispersed phase, which has not been completely
removed during the freeze-drying process. This is also the case for the peaks at 2930 and 2860
cm’. The broad peak at 3480 cm™ is attributed to the surfactant, which also contribute to DMF
peak at 2930 cm’. However, in the spectra of the capsules, one can clearly identify some peaks of
the peptides, with a reduced intensity e.g. at 3075, 1510 and 800 cm™. One notices also the
absence of the intense absorption band due to isocyanate in TDI at 2260 cm™: TDI has fully

reacted.

In conclusion, the IR spectroscopy does not bring decisive information on the characterization of
the nanocapsules. This is due to the presence of remaining DMF after freeze-drying in the
capsules samples, and also to the presence of several carbonyl groups in the original peptide.

However, the reaction of the isocyanate groups of TDI was observed.
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For these reasons, IR spectroscopy was not used as routine method to characterize the
preparation of the nanocapsules and SEC was preferred to control the success of the

polyaddition reactions.
Size and size distribution of the capsules via PCCS

PCCS measurements (see Table 3) show a narrow size distribution for both samples, which are
centered at 232 nm from capsules obtained from [Mant/2NH,] and 208 nm from [Mant/3NH,],
respectively. Interesting is the comparison of these values with those of the sample prepared with
exactly the same parameters with only a different peptide [“Y”/2NH,]. The size measured for
this sample was 379 nm (see Figure 38, sample DMF + LiBr, 0.5 wt.% surfactant, 1.5 TDI
equivalents), while the molecular weight of the peptide is comparable: 1024 g'mol” and 7 amino
acids for peptide [Mant/2NH,], 1152 g'mol’ and 8 amino acids for [Mant/3NH,], 906 g'mol’
and 8 amino acids for peptide [“Y”’/2NH,]. A significant reduction of the size of the patticles is
obsetved for the peptides containing the FRET system Mant/Y(NO,). This could be explained
by the nature of the FRET system, bearing polar groups both on the fluorophore and on the
quencher. The presence of these polar groups combined with the hydrophobic moieties of the
phenylalanine residues could make the peptides surface active, or more surface active than it was
without the FRET pair. Thus, the peptide could take a more important role in the stabilization of
the droplets and this could explain the smaller size measured for the capsules prepared with
FRET pair. This explanation is supported by the fact that the capsules obtained with three polar
amine groups (peptide [Mant/3NH,|, 208 nm) are slightly smaller than those obtained with
[Mant/2NH,] (232 nm), even if the difference is not very significant.

Investigation of the capsules in electron microscopy

The nanocapsules prepared with this generation of peptides containing a FRET system were

investigated with scanning and transmission electronic microscopy.

The micrographs presented in Figure 50 are representative for the samples obtained from
peptide [Mant/2NH,] and [Mant/3NH,] (JA46 and JA47). In Figure 50 (left), within a film-like
structure, collapsed capsules can be observed, circled in orange. The formation of the film can be
attributed to too short peptide-based polymers (insufficient polymerization or branching).
Melting of the capsules because of it thermal properties or the behavior of residual DMF as
softener are also conceivable. Observation of these samples under transmission electron
microscope was challenging as well. Though the high beam sensitivity, capsules-like structures

were observed (Figure 50, right). The size of the capsules observed on the micrographs
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corresponds to the sizes measured in PCCS, with here 306 nm measured on SE micrographs
against 208 nm in PCCS. In conclusion, the observations via electron microscopy confirm the

formation of capsules like structure also for samples prepared with FRET-containing peptides.

dsepm=306 nm drem=323 nm

Figure 50: SE and TE micrographs of nanocapsules prepared with standard parameters
(DMF+LiBr, 0.5 wt.% surfactant) from peptide [Mant/3NH,] with 1.5
equivalents of TDI (JA47).

IV.3.3 Redispersion in water and enzymatic cleavage experiments

Since the process of redispersion was improved, a brief description of the redispersion
process is given for each series of different samples. During redispersion in water, the solid

content drops from 1.5% to around 1% (dilution by a factor two but addition of SDS surfactant).
Redispersion in water

The original miniemulsions in cyclohexane were redispersed in a double amount (weight) of
water containing 0.3 wt.% SDS. Cyclohexane was evaporated overnight at 40 °C under strong
agitation. The redispersed systems were then put a few minutes in an ultrasonication bath and
stirred before PCCS measurements. The samples were then dialyzed with membranes (M.W.C.O
14 kDa) to reduce the amount of surfactant (SDS and P(B/E-4-EQ)), eliminate the DMF and
remove the free peptide molecules or peptide oligomers not covalently bound to the capsules.
After dialysis, the size of the nanocapsules was measured. The enzymatic cleavage was then

proceeded as soon as possible to lower the risk of contamination. The ultrasonication bath was
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used to limit particle aggregation after dialysis. Mild ultrasonication was preferred instead of

using a tip, which could degrade the nanocapsules.

Table 3: PCCS size measurements at different stage of redispersion process.

Xsg in Xsoin water Xsoin water
Sample Peptide used cyclohexane before dialysis after dialysis
(nm) Comments (nm) Comments (nm) Comments
N ) . .
JA46 [Mant/2NH,] 2320 arrow 683 Bimodal 497 Bimodal
monomodal
Narrow Broad Broad
<;]) 7’ 7 7
JA4T [Mant/3NH,] 208 monomodal 488 trimodal 489 bimodal

@For comparison, with the same synthetic parameters (DMF+LiBr, 0.5 wt% surfactant, 1.5 TDI equivalents) and
from peptide [“Y”/2NH,], x50 = 379 nm was measured in cyclohexane (Table 1).

One can see clearly in Table 3 that the size of the particles strongly increases after redispersion.
A first explanation for this size increase is the swelling of the peptide-based capsules after
transfer from cyclohexane into water. However, the measurements with PCCS do not only show
a significant size increase, the size distribution becomes broader and multimodal after
redispersion into water: there is also a formation of aggregates during the redispersion process.
The dialysis of the samples does not seem to generate additional aggregates: the dispersions are

stable in water, at least a few days.

Enzymatic cleavage experiments

After, the capsules were redispersed successfully into water. The samples were ready to be treated

with enzyme, here with trypsin. The principle of the experiment is shown on Figure 51.

3
Enzymatic cleaége (trypsin) k #
3

Figure 51: Schematic representation of the enzymatic cleavage of the peptide-based
nanocapsules with fluorescence recovery of the FRET system.
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The cleavage of the peptides sequences of the capsules is monitored through the recovery of
fluorescence of the Mant group in the FRET system (4., =425 nm). The results of the

fluorescence measurements are displayed in Figure 52.
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Figure 52: Enzymatic cleavage of peptide-based nanocapsules with time. The theoretical

concentrations of peptides incorporated in the capsules were 3.3x10” M for [Mant/2NH,]
and 2.9x10™* M for [Mant/3NH,]. Measurements done by N. Kotman.

One clearly observes that the fluorescence increases strongly, compared to its initial value for the
capsules based on both peptides, while it remains unchanged when no enzyme is added to the
dispersions. Moreover, the remaining free peptide molecules were removed by dialysis, so no
fluorescence increase is due to the cleavage of free peptide in solution in water. This clearly
demonstrates that some peptide sequences belonging to the capsules are cleaved, separating
fluorescing dye and quencher away from each other and leading to a significant fluorescence
increase. The concentrations of the peptides in Figure 52 were calculated from their apparent
molecular weight, taking into account the dilution during redispersion and considering that 10%
of the overall peptide had been removed during dialysis (see Table 6). It also seems that the
speed of the process is changed, as the fluorescence increase last for many hours and is not
completely over after 12 h. This is confirmed in Figure 53, comparing the fluorescence increases
for peptide [Mant/2NH,] and the capsules made of this peptide (JA46). A clear difference of the
recovery speed is observed, as the free peptide is degraded much quicker than the peptide-based

polymer of the capsules. Two reasons can explain this difference. For steric and conformational
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reasons, it is easy to assume that the peptide sequences are not cleaved as easily in heterophase as
in solution. In addition to this, it is very likely that the progressive degradation of the peptides at
the surface of the nanocapsules makes new peptide sequences available for degradation. This
could explain the shape of the curves from capsules’ degradation: after a first part with an

exponential-like increase, the fluorescence increase continues and does not reach a stable

maximal value within 14 h.
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Figure 53: Comparison of enzymatic cleavage of peptide [Mant/2NH,] in

solution and as building block of nanocapsules showing the
differences in the cleavage of the peptide over time, between
homo- and heterophase.

V.3.4 Change to a FRET pair Mca/Dnp

The dye/quencher pair lysine(Mant)/3-nitro-tyrosine worked propetly and allowed observing and
monitoring the cleavage of the peptide sequence in solution and also from the nanocapsules.
However, it presents some drawbacks: the secondary amine on the Mant group is liable to react
with other molecules"”. First of all, during SPPS, it can react with the activated amino acid added
afterwards, creating a branching point and leading to undesired products. The Mant amino acid
should thus be placed in the N-terminus. This is not satisfying for the introduction of other
amino acids during SPPS between the N-terminus and the FRET pair. For example, it forces the

addition of a lysine residue inside the FRET pair in the case of [Mant/3NH,]. One consequence
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is that a strict quantitative comparison of the cleavage experiments between peptides
[Mant/2NH,| and [Mant/3NH,] is not possible. Moreover, during the interfacial polyaddition
reaction in miniemulsion, the secondary amine of the Mant group can also react with TDI. In
addition to the change of the chemical structure, these reactions may degrade the fluorescing
properties of the dye and interfere with the fluorescence measurements during the enzymatic

cleavage. These drawbacks are the reasons responsible of the change to the Mca fluorophore.

As a result, a new dye/quencher pair was chosen: 7-methoxy-coumarin (Mca) and the
corresponding quencher 2,4-dinitrophenyl (Dnp), both attached to the side-chain of lysine. This
pair is 2 common and well-established FRET system™, commercially available, but more
expensive than the previous one. Besides, Mca group has a slightly higher absorption maximum
(340 nm) than Mant (315 nm), making it easier to detect (e.g. less noise in UV detection).
Nonetheless, the emitting wavelength remains at the border between UV and visible light (405
nm), even lower than for Mant (425 nm), which does not open more possibilities for optical

microscopy characterization, as the confocal or STED microscope available are usually not

equipped with UV lasers.

It was decided to go further with branching or cross-linking of the polymer, as the ultimate goal
is the encapsulation of small molecules, which are more prone to diffuse out of the capsules if
the walls are less dense. The two peptides prepared carry here three — in the case of peptide
[Mca/3NH,| — and seven — in the case of peptide [Mca/7NH,]| — amine functions, as displayed in
their structure respectively on Figure 43 and Figure 44. This should increase the branching of

the polymer, which could have an effect on the encapsulation of a dye and its release.
Size and size distribution via PCCS

The dispersions prepared from [Mca/3NH,] and [Mca/7NH,| were characterized by PCCS; the
results can be found in Table 4. After the reaction with TDI and before redispersion,
monodispersed suspensions with narrow size distributions were obtained in all cases. One
observes a further size reduction of the particles compared to those mentioned previously in
Table 3: for two comparable experiments with the same parameters and peptides differing only
from the nature of the FRET system, X,, decreases from 208 nm with Mant/Tyr(NO,) as FRET
pair to 154 nm with Mca/Danp. It seems that the peptide prepared with the new FRET pair
(Mca/Dnp) is more interfacially active and play a further role of stabilizer of the droplets. This is
due to the structure of the new FRET pair, e.g. with the presence of two polar nitroxy group on

the quencher.
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Verified polymerization via SEC

The freeze dried dispersions were analyzed by SEC, (detection at A = 325 nm), which allows an
exclusive detection of the peptide-based products (exclusive absorption of the Mca/Dnp FRET
pair) and ensures that no signal due to surfactant or solvent superimposes. A standard sample of
each peptide with 2 equivalents of TDI was analyzed. The overlay of the elugrams of both

polymers with their respective peptide references are plotted in Figure 54.
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Figure 54: SEC chromatograms overlay of peptide [Mca/3NH,], [Mca/7NH,]

and their respective polymer after miniemulsion polyaddition with
2 equivalents of TDI.

Several features can be seen in this diagram. First of all, a long adsorption tail is following the
peak, especially in the case of peptide [Mca/7NH,]|, which can be attributed to the presence of
amine group favoring adsorption of the peptide on the stationary phase. Despite this drawback,
the analysis shows that the peptide with more lysine residues (larger size) elutes slightly faster.
This is in accordance with the SEC theory. A second result observed on this graph is that a
significant shift toward higher molecular weights is visible between the peptide and the molecules
extracted from the dispersions. Thus, the polyaddition proceeded with peptide [Mca/3NH,] and
peptide [Mca/7NH,], but a shoulder of probably unteacted peptide can still be observed in the
chromatogram of the sample with less amine groups. Surprisingly, the macromolecules obtained
from peptide [Mca/7NH,] ate not significantly larger than those obtained from [Mca/3NH,], at
least according to their hydrodynamic radius. It is still possible that polymer with a denser

branching have been prepared in the case of peptide [Mca/7NH,]. To sum-up, even if SEC

99
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shows its limitation in the characterization of peptide based polymer, it clearly shows the success

of peptide polyaddition reaction in miniemulsion.
Influence of TDI equivalents amount

The influence of the amount of TDI equivalents on the size of the peptide based polymer chain

was studied with peptide [Mca/7NH,]. The results are presented in Figure 55.

- P --- [Mca/?NHZ] .

2 eq. TDI
5eq. TDI

Signal intensity (325 nm) / a.u.

24 26 28 30 32 34 36 38 40

Elution volume / mL

Figure 55: Overlay of the SEC chromatograms of [Mca/7NH,] and of the
polymer obtained by interfacial polyaddition in miniemulsion
with various amounts of TDI.

One can clearly observes a progressive decrease of the elution volume, ie. an increase of
molecular weight with increasing TDI equivalents amount. Even if this result is expected, it
demonstrates that an excess of TDI is necessary to reach higher molecular weights for the
peptide-based polymer formed by interfacial polyaddition in miniemulsion. TDI probably reacts
with other molecules like traces of water in DMF (see paragraph I1.6.2) in addition to the
reaction with the low amount of hydroxyl group from the surfactant. It also shows that the
amount of TDI equivalents is a key parameter determining the length of polymer chains and

could therefore be an important parameter for the encapsulation efficiency or payload release.

The amounts of TDI equivalents can not only have an influence on the sizes of the polymer
chains, but also on the size of the particles. The sizes of the capsules measured with PCCS for

different amounts of TDI are summarized in Table 4.
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Table 4: Influence of peptide functionality and TDI equivalent number on the size of the nanoparticles
obtained after interfacial polyaddition.

Sample name Peptide TDI equivalent x5, in cyclohexane (nm)

JAG0 [Mca/3NH,] 1.5 153*
JA79 [Mca/7NH,] 2 155*
JA86 [Mca/7NH,] 1 162*
JA84 [Mca/7NH,] 5 288*

*All samples had a monomodal and narrow size distribution

The results presented in Table 4 show that neither the amount of amine groups on the peptide
nor the amount of TDI equivalents have a significant influence on the size of the nanocapsules
prepared by interfacial polyaddition in miniemulsion. All dispersions measured by PCCS exhibit
small particle sizes (additional stabilizing effect of the peptide) and narrow size distributions.
However, a large excess of TDI (5 equivalents) leads to significantly larger capsules (288 nm). It
can be assumed that in this case, a too large amount of amino groups react first with TDI and

some addition reactions between different capsules start proceeding, causing aggregations.
Investigation of the structure by electron microscopy

These samples were also characterized with SEM (Figure 56) and TEM (Figure 57). A clear
difference with the former samples is observed. On the micrographs, the nano-objects generated
with peptide [Mca/3NH,] and [Mca/7NH,] ate looking much more like patticles rather than
capsules. They also have a smaller size than those measured by PCCS (see Table 4).

dsem =54 nm dsem =47 nm

Figure 56: SE micrographs of nanoparticles prepared with standard parameters (DMF+LiBr, 0.5 wt.%
surfactant) from peptide [Mca/7NH,] with 2 equivalents TDI (left, JA79) and 5 equivalents
TDI (right, JA84).
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PCCS measurements in cyclohexane revealed that these particles made of [Mca/7NH,] have a
comparable size as the ones produced from peptide [Mant/2NH,| and [Mant/3NH,] (155 nm
against 232 and 208 nm). However, they appear significantly smaller on the electron micrographs.
While the size measured on the micrographs with the peptides containing Mant/Y(NO,) group
was similar to those measured with PCCS, the size of the particles measured on the micrograph
(around 50 nm) is much smaller than those measured by PCCS. The differences observed can be
explained as following: the change of the fluorophore/quencher pair leads to a more polar
peptide. The hybrid polymer formed at the interface remains soluble in DMF, and can diffuse
inside the droplets. As a result, swollen particles (with around 10% polymer solid content) are
obtained. In this case with PCCS, the measurement is done with swollen particles. The size
measured is actually the size of the droplets containing the peptide-base polymer. The particles
observed on the micrographs correspond to the dry state of these particles, with low solid
content. The evaporation of the DMF results in the shrinkage of the particles. The observations
stated with SEM are confirmed by the size of particles measured on TE micrographs (Figure 57,

average size 46 nm).

Figure 57: TE micrograph of nanoparticles prepared with standard
parameters (DMF+LiBr, 0.5 wt.% surfactant), and 1.5
equivalents of TDI from peptide [Mca/3NH,] (sample JA60).
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IV.3.5. Redispersion in water and enzymatic cleavage experiments

Redispersion in water — Quantification of free peptide

In the following paragraph, the expression “free peptide” represents a peptide molecule or

oligomers not covalently bound to a polymeric chain constituting the particles.

The redispersion in water was processed as described before. It appears that the determination of
the peptide amount is challenging: in UV absorption analysis, the values recorded are affected by
scattering of the capsules. It is not a satisfying method to quantify some species like the peptide
in this case, especially at such a low wavelength of 325 nm, which is close to the size of the
particles. This time, during dialysis, the dialysate is kept and analyzed with fluorescence
spectroscopy (the concentration is too low for UV absorption). Indeed, even if the fluorescence
is quenched, there is still a fluorescent signal detected, proportional to the peptide concentration.
For the standard sample from peptide [Mca/3NH,] and 2 TDI equivalents, the concentration of
“free peptide” was found to be 10% of the total amount of peptide in the first dialysis water (see
Table 6). This method cleatly presents some drawbacks: one has to assume that no cleavage of
the peptide occurred, which would consequently increase the fluorescence and overestimate the
concentration of “free peptide”. On the other hand, this method allows the detection of “free

oligomers”, not covalently bound to the capsules, which are removed during the dialysis.
Fluorescence microscopy

Another method to characterize the nanocapsules after dialysis is fluorescence microscopy. As
the capsules are made of a peptide containing a FRET system, they already contain a fluorescing
group (Mca, A, = 405 nm). Indeed, the quenching of the fluorophore in the FRET group lowers
the intensity of fluorescence, but it remains detectable, as shown in Figure 58. Important is the
fact that the fluorescing peptide sequences are localized at some precise defined locations and are
not homogeneously distributed: they are gathered in nanostructures. This confirms that the
degradation detected later is due to the cleavage of peptide sequences belonging to the
nanocapsules. The use of fluorescence microscopy does not allow a precise size interpretation of
the structures, but the presence of fluorescing dots with various sizes is obvious. It confirms the
size increase detected with PCCS after redispersion in water, presumably due to the formation of

aggregates.
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Figure 58:

Enzymatic cleavage of nanocapsules made from peptides with the Mca/Dnp FRET pair

The nanocapsules prepared from peptides with the Mca-based FRET system were treated with

trypsin for enzymatic cleavage. The results are displayed in Figure 59, for both peptides

Fluorescence micrograph of dialyzed nanocapsules
prepared with standard parameters (DMF+LiBr, 0.5 wt.%
surfactant) and 2equivalents TDI from peptide

[Mca/7NH,].

[Mca/3NH,] and [Mca/7NH,].
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Figure 59: Enzymatic degradation with time of nanocapsules made

from peptide [Mca/3NH,] and [Mca/7NH,].
Measurements done by N. Kotman.

104



V. Results and discussion

The increase of the Mca fluorescence intensity is indisputable and in the same time and amplitude
range for both peptides. Although the comparison in terms of amplitude is not strictly possible, it
is stressed out that the expected fluorescence increase is not the same as the concentrations of
peptide are different (same solid content during preparation but the peptides have different
molecular weights). It is interesting to observe that the sample with more branching amine
groups in the peptide takes more time to reach its maximum value. Even if it not a decisive
parameter, the branching of the peptides in the polymer plays a role in the degradation speed of

the capsules by the enzyme.
IV.3.6 On the solubility of the polymer and phase separation

The morphology of the structures prepared with peptides bearing a FRET pair was described as
particle-like. This could be due to the increasing solubility of the polymer formed at the
DMF/cyclohexane interface in DMF, a consequence of the more polar peptide used, due to the
presence of additional lysine residues and possibly of the new FRET system. The peptide is more
polar, but still not soluble in H,O at the concentrations used for the dispersed phase. It would
mean that by increasing the polarity of the dispersed phase, one could cause the interfacial
precipitation of the peptide based polymer and obtain capsules with a liquid core. Some
experiments were done with DMSO and water as more polar solvents. It appears that the use of
a dispersed phase constituted of 50% H,O and 50% DMSO w/w yields a stable miniemulsion.
After the addition of 2 equivalents of TDI, a dispersion stable for a few days was obtained and
the particles size was measured as X;, = 1050 nm (monomodal and narrow distribution). The
analyses of these dispersions via SEM and TEM (in Figure 60 and Figure 61 respectively) show

structures completely different than the particles obtained before.

Figure 60: SE micrographs of nanocapsules prepared from peptide [Mca/7NH,] with 5 gL LiBr
DMF/H,0 50/50 w/w as dispersed phase and 2 equivalents TDI (JA90).

105



V. Results and discussion

A closer look at the micrographs confirms the obsetvation of collapsed, wrapped, and/or opened
solid capsules with a distinct rigid shell remaining after evaporation of the core. Particularly in

TEM, the shell is distinguished and no doubt is left that the samples are peptide-based hybrid

shells with liquid core.

Figure 61: TE micrographs of nanocapsules prepared from peptide [Mca/7NH,] with 5g-L'1 LiBr
DMF/H,0 50/50 w/w as dispersed phase and 2 equivalents TDI (JA90).

The possible role played by water reacting with TDI was not investigated here. This sample was
not stable enough to be redispersed into water and submitted to enzymatic cleavage. Other
samples were prepared with pure DMSO (JA69), pure water (JA70) and their mix together (JA82)
as solvent for the dispersed phase. When no synthetic problems, like peptide solubility or
gelification of the dispersed phase, were encountered, the emulsions were not stable. However, it
has been demonstrated here that tuning the nature of the dispersed phase can greatly influence

the morphology, to be obtained in a desired manner.
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IV.4 Synthesis, characterization, and cleavage of peptide based

hybrid nanocapsules loaded with fluorescing polymer

After hybrid nanocapsules have successfully been prepared and cleaved, the next step is the
encapsulation of a fluorescent dye in such structures, as the aim of the project is the
enzymatically triggered release of encapsulated substances. However, to be certain that an
encapsulation without leaks was achieved, despite the large mesh-size of the polymer network in
the capsules (corresponding to the length of the peptide), the first encapsulation experiments
were conducted with a fluorescent water-soluble polymer. The synthesis via radical
polymerization of poly(vinylpyrrolidone-co-Bodipy) is described in paragraph VI.1.3. It is
reminded that polyvinylpyrrolidone was chosen as water-soluble polymer by reason of its
chemical inertness to TDI The fluorescence of the polymer (M, = 18800 g'mol”, PDI = 6.5) is
ensured by the presence of 0.5 wt.% Bodipy-methacrylate monomer in the polymer chain (see

structure in Figure 86).

IV.4.1 Synthesis of the capsules and possible influence of encapsulated

polymer on the capsules

The experimental protocol to prepare the capsules was exactly the same as previously, with the
only exception that the fluorescing polymer was dissolved in the dispersed phase with the

peptide. The list of the samples can be found in Table 5.
Influence of entrapped polymer on the interfacial polyaddition

The fluorescing polymer has been chosen in such a manner, that it does not react with TDI.
However, the polymer could have an effect on the polyaddition reaction at the interface, e.g. its
presence should increase the viscosity of the dispersed phase, lower the diffusion of the peptide
to the interface and thus slow down the interfacial reaction. For this reason, it is sensible to
compare the SEC chromatograms of dissolved capsules with and without polymer. Two overlays
are presented in Figure 62, presenting the chromatograms of the polymers obtained from
peptide [Mca/3NH,] and [Mca/7NH,], with and without the presence of fluorescent polymer in
the dispersed phase.
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Figure 62: SEC chromatograms overlay of peptide-based polymers obtained from peptide [Mca/3NH,]

(left) and [Mca/7NH,] (right) with and without encapsulation from P(VP-co-Bodipy).

In the two diagrams, the elugram of the peptide is traced as reference. One observes that for
both peptides, the polyaddition reaction proceeded well in the presence of polymer. The
chromatograms of the samples with and without entrapped polymer are very similar: they overlap
almost exactly for both polymers obtained from peptides [Mca/3NH,] and [Mca/7NH,]. One
recognizes the shoulder corresponding to the unreacted peptide in the case of peptide
[Mca/3NH,]. The elugrams of the encapsulated polymer is also displayed, to demonstrate that
the polymer does not contribute to the peaks analyzed as peptide signals. It also shows that the
fluorescing polymer (or more exactly its Bodipy units) is too low concentrated in the capsules, to

be detected by UV-absorbance at 325 nm.
Influence of entrapped polymer on the size of the capsules

The sizes of the samples prepared with the same parameters with the exception of the
presence/absence of poly(N-vinylpyrrolidone-co-Bodipy-methactylate) abbreviated P(VP-co-
Bodipy) are presented in Table 5.

Table 5: Influence of the encapsulation of P(VP-co-Bodipy) on the size of the nanocapsules for several
synthetic parameters.

STBIE  pepide (W) Tolequialens ¥ lehene withut et cydoheranc wit
JA60-61 [Mca/3NH] 1,5 153 230
JA86-87 [Mca/3NH,] 1 162 386
JA79-68 [Mca/3NH] 2-1,5 155 214
JA84-83 [Mca/3NH,] 5 288 230
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One can observe, that in almost every case, the presence of P(VP-cw-Bodipy) increases the size of
the capsules or particles. It was shown in the previous paragraph, that the presence of the
fluorescent polymer had not effect on the polyaddition reaction with the peptide. However, the
addition of polymer in the dispersed phase certainly increases its viscosity in addition to the solid
content. With a similar shear-stress applied during ultrasonication, it is expected that the size of
the droplets slightly increases for a more viscous dispersed phase. Consequently, bigger capsules

are obtained after polyaddition.

IV.4.2 Investigation with electron microscopy

Seties of samples from peptide [Mca/3NH,] and [Mca/7NH,]| with entrapped polymers was also

investigated with electron microscopy. Some representative micrographs are presented in Figure

63 (SEM) and Figure 64 (TEM).

dsem =75 nm dsem =220 nm

Figure 63: SE micrographs of nanocapsules prepared with standard parameters (DMF+LiBr, 0.5 wt.%
surfactant) from peptide [Mca/7NH,] with respectively 1.5 (left) and 5 (right) TDI
equivalents.

The structures observed are actually comparable to the ones obtained without any encapsulated
material. Obviously, homogeneous particles are present rather than core-shell capsules, attesting
that the addition of polymer did not lead to phase separation. This is not surprising, as the P(VP-
co-Bodipy) is very soluble in DMF, the solvent of the dispersed phase. On the micrographs, the
particles also appear bigger than those obtained without polymer payload, which supports the
explanation proposed in the previous paragraph: the particles actually have a higher solids
content, due to the presence in significant quantities of the entrapped polymer (20 mg for 50 mg

peptide) and are bigger after evaporation of the solvent.
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Figure 64: TE micrographs of nanocapsules prepared from [Mca/7NH,] with 1.5 TDI equivalents (left,
JA68) and [Mca/3NH,] with 2 TDI equivalents (right, JA75).

IV.4.3. Redispersion into water and preconditioning

Quantification of free peptide

All the redispersed samples were prepared as described previously, but the dialysis was carried
out differently for some samples (Table 6). Some of them were divided in two equal parts after
redispersion, and dialyzed with membranes of different pore sizes: the standard cut-off of 14 kDa
and another membrane with a cut-off of 100 kDa. This experiment aims to determine, if some
long peptide-based polymer chains are too big to be washed during dialysis with standard
membranes. In this case, they would be cleaved afterward in solution even if they do not belong

to the capsules, which would be misleading.

Table 6: Amount of free peptide* dialyzed out depending on molecular weight cut-off of the membrane.

.. Free peptide Free peptide
Sample Peptide Dusog:yanate dialyzed dialyzed
names equivalent
14kDa (%) 100 kDa (%)
JAG8 [Mca/3NH,] 1.5 11 15
JA72 [Mca/3NH,] 2 8 6

* The concentration of free peptide was determined by fluorescence measurement in the
dialysate with a calibration curve of free quenched peptide, assuming that no peptide was
degraded prior to fluorescence measurements.
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One observes that the incorporation efficiency, more exactly the amount of peptide dialyzed, is
not drastically changed by the cut-off of the membrane. It means that there is no significant
amount of very long free peptide chain likely to be cleaved outside of the capsules. This
experiment rather highlights the imprecision of such an analytical process: for sample JA72, it is
not clear why find less peptide dialyzed out with a 100 kDa M.W.C.O membrane than with a 14

kDa membrane.
Determination of polymer encapsulation efficiency

A selective detection of the P(VP-co-Bodipy) is also possible in the dialysate via fluorescence
measurements at 530 nm. However, due to the low dye content of the polymer and the small
amount of polymer entrapped per sample, the calibration curve shows that, without further
concentration of the dialysate, it would only be possible to detect up to 3% of released polymer.
Interestingly, no significant signal was detected at the emitting wavelength of Bodipy. This means

that the encapsulation efficiency of the fluorescing water soluble polymer is higher than 97%.
Fluorescence microscopy of hybrid capsules with encapsulated polymer

To confirm the encapsulation of the polymer inside the capsules, the miniemulsions were
investigated with fluorescence microscopy after redispersion with the two excitation wavelengths
corresponding to the Mca (405 nm, belonging to peptides chains, constituting the capsules) and

Bodipy (530 nm, encapsulated polymer) fluorescences.

In Figure 65, the micrographs show that the Mca groups and the Bodipy are both well localized

inside the nanoparticles and not free in solution. The superposition of the two micrographs

shows a perfect overlapping, proving that the fluorescing polymer is located only in the capsules.

Figure 65: Micrographs obtained by fluorescence microscopy of peptide-based nanocapsules with
encapsulated P(VP-co-Bodipy). Peptide fluorescence (Mca, A = 405 nm) is colored in green
(left), Bodipy fluorescence in orange (center, A = 530 nm) and superimposition of both
pictures (right).
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IV.4.4. Cleavage of nanocapsules with encapsulated fluorescent

polymer

The enzymatic degradation was investigated with the peptide-based nanocapsules with a
fluorescing payload (see Figure 66). The fluorescence increase is cleatly observed. One observes
almost no differences in the shape of the curves, when comparing the capsules with or without a
payload (see Figure 59): the presence of the entrapped fluorescent polymer has no influence on
the degradation of the peptide-based capsules. Both curves have the shape already described
previously: they start with an exponential increase and continue with a slightly positive slope

without reaching a plateau within 12 h, as if some new peptide sequence were progressively

accessible.
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Figure 66: Enzymatic degradation with time of peptide-based nanocapsules

with a fluorescing polymer payload P(VP-co-Bodipy).
Measurements done by N. Kotman.

No variation of the signal intensity was observed at the wavelength corresponding to the
fluorescence of Bodipy. As the concentration of Bodipy is relatively low, we do not expect self-
quenching effects due to high concentration. After the enzymatic degradation and centrifugation,
one clearly observes a precipitate, corresponding to the nanocapsules which are not solubilized
upon enzymatic cleavage. An explanation for this could be the formation of hydrogen bonds
between the lactam units of the poly(vinylpyrrolidone) and the peptides. Besides, the capsules are
not fully degraded and the precipitate still contains almost the entire amount of the dye-polymer,
as no fluorescence of Bodipy was detected in the supernatant after centrifugation. This supports
the idea that the particles are not fully degraded within the first hours: the suspension observed at

the end of cleavage experiment still contains particles, as no water-soluble polymer is released.
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Conclusion

In this part, it was shown that the preparation of enzymatically cleavable peptide-based
nanoparticles allows the encapsulation of dye-labeled polymer in a very efficient way. This macro-
dye is not released upon cleavage of the peptide sequence, but this will be the goal of the next
part. Here, the encapsulation of such a polymeric dye can be of interest in many cases. It can
serve as an internal reference for the determination of the capsule concentration in system where
dilution occurs e.g. 7z vivo, to normalize the evolving signal of the FRET system. Secondly, in the
case where the cleavage of the peptide is certain and therefore the FRET detection not necessary,

it can be used as practical fluorescent marker.

IV.5 Synthesis, characterization, and cleavage of peptide based

hybrid nanocapsules with release of fluorophore

IV.5.1 Synthesis of the capsules — Size and morphology

This part deals with the encapsulation of small fluorescing molecules, the sulforhodamine 101
(SR-101, M = 606 g'mol"), into the peptide-based nanocapsules. The light emission of the dye is
not pH sensitive and has very convenient wavelengths for a specific detection in the
nanocapsules system (4., = 580 nm, 4., = 605 nm). This dye was encapsulated in nanostructures
based on peptide [Mca/3NH,] and [Mca/7NH,]. The SR-101 was simply dissolved in the

dispersed phase containing the peptide prior to agitation.

A series of capsules with encapsulated sulforhodamine was prepared. The list of the samples is

given in Table 7, as well as the size of the capsules measured by PCCS.

Table 7: Summary of size distribution of samples prepared with encapsulated SR-101.

Sample Peptide TDI Xsg in cyclohexane
names (NH,) (equivalents) (nm)

JA80 [Mca/7NH,] 2 158

JA93 [Mca/3NH,] 1 140

JA94 [Mca/7NH,] 2 155

JA95 [Mca/7NH,] 1 164

JA96 [Mca/7NH,] 5 145
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A comparison with Table 5 shows that the encapsulation of SR-101 does not influence the size
of the capsules compared to the samples without any payload. The data also demonstrate that
neither the amount of TDI nor the number of reactive amino groups have a significant influence
on the size of the capsules. This confirms the results reported previously. Micrographs obtained

with SEM and TEM are presented in Figure 67 and Figure 68 respectively.

dsem=47 nm

Figure 67: SE micrographs of nanocapsules with encapsulated sulforhodamineSR-101 prepared with
standards parameters (DMF+LiBr, 0.5 wt.% surfactant) from peptide [Mca/7NH,] with
respectively 2 (left, JA94) and 5 (right, JA96) TDI equivalents.

In the case of dispersions prepared from the Mca-based FRET pair with encapsulated dye SR-
101, particle-like structures are observed in scanning electron microscopy. This was already the
case for the capsules prepared from the same peptide without payload (Figure 56). Average sizes
in the range of 50 nm are obtained by measuring the particles on the electrons micrographs. This
is comparable to the size measured without encapsulated sulforhodamine and confirms that the
dispersions prepared with the peptide bearing the Mca/Dnp FRET pair correspond to swollen
nanoparticles and not to nanocapsules containing a polymeric shell with a liquid core. This

analysis of the structure and the size is confirmed by the transmission electron micrographs

(Figure 68).
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dsgm= 53 nm

Figure 68: TE  micrographs of nanocapsules with encapsulated
sulforhodamine prepared with standards parameters (DMF+LiBr,
0.5 wt.% surfactant) from peptide [Mca/7NH,] with 5 TDI
equivalents (sample JA96).

IV.5.2 Improved redispersion into water with mild ultrasonication

One problem remains during the redispersion stage: aggregates are formed and they are not
disassembled by mechanical agitation or ultrasound bath, as shown by PCCS measurements.
Redispersion in a larger volume of water did not lead to better results as well. This problem was
described for the first hybrid capsules prepared in miniemulsion (see Table 3) and remained
present for all samples mentioned until this point. Another possibility to separate the capsules
forming the aggregates is the use of an ultrasonication tip. In the previous samples, this option
not chosen, in order to avoid breaking the peptide sequence building the capsules. However,
because of the not-well redispersed sample obtained using only stirring and ultrasonication bath,
the use and influence of ultrasonication tip was tested. Sample JA79 (capsules made from peptide
[Mca-7NH,], 2 TDI equivalents and no payload) was mildly ultrasonicated in different ways after
redispersion in water and the evaporation of cyclohexane. This sample was divided in three parts,
as summarized in Table 8. The first part was kept as reference, the second briefly ultrasonicated

(1 min, low amplitude of 30%) and the third longer (3 min, 30% amplitude).

Table 8: Summary of size evolution by redispersion of the nanocapsules with the help of ultrasonication tip.

sumplenames  USUBIIO®S sy watebeore st s
JA79-a / 1195 (broad-mono) 960 (precip)
JA79-b 1 min, 30% 313 (mono) 334
JA79-c 1 min + 2 min, 30% 212 (mono) 208
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The results of this experiment were fully satisfying. As stated in Table 8, the ultrasonication tip
separates the aggregates progressively: after one minute the size decreased considerably and after
three minutes it reached a size comparable with the one measured before redispersion
(X5, = 153 nm). Additionally, the sizes measured after dialysis were similar for the ultrasonicated
samples: they are stable, whereas minor precipitation was observed for the reference sample. It
surely comes from the biggest aggregates, as the size measured was slightly smaller after dialysis.
The samples were investigated with fluorescence microscope. Figure 69 presents the different
pictures of samples before redispersion in cyclohexane and after redispersion and dialysis in water

with and without prior ultrasonication.

oy A Xs0 = 155 nm
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Figure 69: Fluorescence micrographs of [Mca/7NH,]-based nanocapsules with 2 equivalents TDI, in
cyclohexane before redispersion (JA79, top, x5, = 155 nm), after redispersion and dialysis
without (JA79-a, middle, x5, = 960 nm) or with (JA79-c, bottom, x5, = 208 nm)
ultrasonication for redispersion.

The pictures confirm the information obtained via PCCS measurements in Table 8. The use of
the ultrasonication tip under mild conditions reduces the size of the structures. It separates the
aggregates and the particle observed after ultrasonication have a size comparable to the original

capsules before redispersion. Even if such an experiment does not prove that the ultrasonication
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treatment disaggregates the capsules and let them intact, it demonstrates at least that after dialysis,

the peptide sequences still belong to nanostructures and have to be cleaved in heterophase.

Even more interesting is the enzymatic cleavage of these three samples, presented in Figure 70.
The control samples, without enzyme, all have a stable and similar value, meaning that no peptide
cleavage occurred (a higher value would have been interpreted as a destruction of the peptide
sequence, a lower as a dismantling of the capsules with liberation of polymer chains removed
during dialysis). In presence of trypsin, the fluorescence of the Mca group increases until a similar
end value, indicating successful cleavage of similar amounts of peptides. The non-ultrasonicated
sample exhibits a slightly lower end value, probably due to aggregation and partial precipitation as
mentioned before. The most relevant observation is that the smaller the capsules (or their
aggregates) are, the faster the cleavage is. This can be explained by the larger surface area readily
available for the enzyme. One notices also, that the fluorescence increase is lower for the capsules
redispersed without ultrasonication, which is also attributed to the presence of aggregates. Some
peptide sequences are not accessible to the enzyme, because of aggregate precipitation or due to

the lack of place for an enzyme to cleave a peptide located between aggregated capsules.
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Figure 70: Influence of ultrasonication after redispersion of the sample JA79 on the degradation of the

nanocapsules. All samples were dialyzed afterward. Fluorescence signal are raw data
corrected by the intensity of control sample without enzyme.

It was demonstrated that the use of an ultrasonication tip under mild conditions does not only
preserve the peptide based nanocapsules and improves their redispersion in water, but that it also

results in more stable dispersions and a faster cleavage of the peptide sequences. Additionally the
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effect of redispersion via ultrasonication on the encapsulated dye was also investigated. A fraction
of the first sample prepared with encapsulated sulforhodamine (capsules from peptide
[Mca/7NH,], 2 TDI equivalents and SR-101), was submitted to a second mild ultrasonication tip
treatment after dialysis. The fluorescence intensity was compared with the one of the fraction
ultrasonicated only prior dialysis and no significant difference was observed. It means that no
quenched encapsulated dye was released during the second ultrasonication process. The applied
redispersion process does not induce a significant release of encapsulated sulforhodamine, which
will be washed away during dialysis in the next samples. Taking into account all the advantages
that the improved redispersion process offers, it was applied to all the samples prepared

afterwards (samples JA79 to JA 99 in Table 13 - appendix).

IV.5.3 Influence of TDI equivalent and functionality of the peptide

after the encapsulation of sulforhodamine

Characterization of the capsules

A series of nanocapsules was prepared to investigate the influence of two synthetic parameters
after the encapsulation of the small water-soluble dye SR-101. As previously, the number of TDI
equivalents, as well as the number of reactive groups on the peptide were studied. The size of the
macromolecules was analyzed after polyaddition. The samples were all redispersed in water,
sonicated with ultrasound-tip and dialyzed. The fluorescence (4., = 605 nm, corresponding to
SR-101) of the two first dialysates was quantified to determine the amount of free SR-101
contained inside. All the data are summarized in Table 9.

Table 9: Summary of size of the capsules and encapsulation efficiency of SR-101 by varying chemical
synthetic parameters.

TDI SR-101 Encapsulation Efficiency
eq. to Xs¢ measured by PCCS (nm) (%)
: amino
Sample Peptide groups Before After After Free in Freein Encaps.
redispersion  redispersion dialysis dialysate dialysate Efficiency
and US #1 #2
JA93  [Mca/3NH,] 2 140 348 308 24,7 0,3 75
JA95  [Mca/7NH,] 1 167 216 211 9,0 0,5 91
JA94  [Mca/7NH,] 2 155 332 318 6,7 0,3 93
JA96  [Mca/7NH,] 5 146 780 / 1,7 0,3 98
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V. Results and discussion

The SEC elugrams of the samples for studying the influence of the amount of TDI equivalents
are presented in Figure 71. The chromatogram of SR-101 was also plotted, as SR-101 is
absorbing at 325 nm and brings an additional peak. On the other side, as the amount of SR-101 is
the same for all these samples, the peak of SR-101 provides a nice internal standard, even if it

contains a small contribution from the remaining free peptide.

— SR 101

UV Absorbance (325 nm) / a.u.

29 26 28 30 32 34 36 38 40

Elution volume / mL

Figure 71: Influence of the amount of TDI equivalent on the size of polymer
prepared from peptide [Mca/7NH,] with encapsulated
sulforhodamine. The elugrams of the polymers are normalized to the
same total area.

One observes in Figure 71 that an increasing amount of TDI equivalent, from 1:1 stoichiometry
to large excess (1:5), results in capsules made of larger peptide-based polymer. This confirms the
observations reported with the same peptide without payload (see Figure 55). In the case of
sulforhodamine encapsulation as well, there are no major differences in the size of the polymer
chain obtained, even if a slightly broader distribution toward higher molecular weight is observed

in the case of the peptide with more amine groups.
Redispersion and encapsulation efficiency

As stated in Table 9 the redispersion process was successful (size, stability) for all the samples.
The only exception is the sample with a large excess of TDI (5 equivalents), which was not
optimally redispersed and partially flocculated during dialysis. This is not surprising as larger sizes
had already been reported for the samples with a large excess of TDI (see Table 5). Here, the

size after polyaddition in cyclohexane was comparable to the other samples, but it is possible that
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inter-capsules polyaddition reactions with reactive isocyanate group remaining at the surface
occurred during redispersion in water (see paragraph I1.6.2).

The precise analysis of the encapsulation efficiency reveals several interesting results. Firstly, the
encapsulation is successful: in all samples, a large majority of dye is encapsulated (> 75%).
Secondly, both parameters studied have a predicable influence on the encapsulation efficiency: an
increase of the TDI equivalent (larger chains and denser network) leads to a slightly better
encapsulation with the peptide containing seven amine groups. For this peptide, the
encapsulation efficiency is very high for all samples (> 90%), whatever the number of TDI
equivalent. More reactive groups on the peptide increase consequently the encapsulation
efficiency (3 to 7 reactive groups lead from 75 to 93%). This parameter plays a decisive role in the
encapsulation efficiency.

Considering both the encapsulation efficiency results and the SEC measurements, it appears that,
if the use of a multibranching peptide and a large excess of TDI does not lead to an infinitely
long peptide-based polymer, it strongly enhances the branching density of the capsules, which

turns out to be a determining criterion for a high encapsulation efficiency.
Fluorescence microscopy of the capsules with entrapped dye

The peptide-based hybrid nanocapsules with encapsulated sulforhodamine SR-101 were
investigated with fluorescence microscopy, at two different excitations wavelengths, stimulating
either the fluorescence of Mca (dye of the FRET system on the peptide), or the fluorescence of
encapsulated sulforhodamine. It is reminded that fluorescence of the Mca group in the FRET
system is quenched but remains high enough for the detection with a fluorescence microscope.
This is also the case for SR-101, the fluorescence of which is still easily detectable in fluorescence

microscopy despite its self-quenching. The micrographs are displayed in Figure 72.

Figure 72: Fluorescence micrographs of [Mca/7NH,]-based nanocapsules with 2 TDI equivalents and
encapsulated dye. The fluorescence of the peptide (Mca, green, left) of the encapsulated
dye (SR-101, red, middle) and superimposition of the two first pictures (right).
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The repartition of fluorescence of the Mca group is identical compared with the one displayed in
Figure 65. This confirms that the ultrasonication process for redispersion has no destructive
effect on the capsules. The fluorescence of sulforhodamine is also cleatly localized in defined
structures, proving its successful encapsulation. Finally, the two micrographs overlap perfectly,
showing that the sulforhodamine is homogenously encapsulated in all the peptide-based capsules,
and is only present in the peptide-based capsules. The fluorescence microscopy analyses confirm
that the encapsulation of the water-soluble sulforhodamine dye is very efficient. The next step is
the study of the dye release upon enzymatic cleavage, but before the necessary conditions for a

live monitoring of this release has to be fulfilled.
Self-quenching of the encapsulated sulforhodamine inside the capsules

The strategy to observe the release of the dye is based on its high concentration inside the
capsules leading to intermolecular self-quenching of the fluorescence. Therefore, for preparing
the miniemulsion, SR-101 was dissolved at the concentration of 11X10° M, much larger than the
concentration of 3.2x10° M where self-quenching was reported to start in water.!"™ The release
of diluted fluorophore outside of the capsules should lead to a fluorescence increase. However, it
has to be demonstrated first that an efficient quenching is taking place when SR-101 is
encapsulated. Therefore, time-correlated single photon counting (TCSPC) measurements were
carried out by Dr. A. Turshatov. Two different samples were investigated: a dispersion of
nanocapsules (after redispersion and dialysis) and a SR-101 solution with a comparable
absorption value at 580 nm. Thus, the concentration of SR-101 in both samples was in the same
range. The results of TCSPC analysis are displayed in Figure 73, after normalization upon
absorption values at 580nm. One observes that the fluorescence decay is far more intense in the
sample where SR-101 is in solution than if is encapsulated. Additionally, for a similar overall
concentration of a SR-101, the steady-state intensity is 42 times higher in solution than in the

capsules. A very strong quenching of SR-101 is taking place inside the capsules.
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Figure 73: Temporal decays of fluorescence (A., = 580 nm, A.,, = 605 nm) of dye SR-101 encapsulated
in nanocapsules (brown, steady state intensity = 910 counts-s™, sample JA94a) and in
solution in water solution (red, steady state intensity = 39 200 counts-s™), for a same
absorption at A = 580 nm. Measured by A. Turshatov.

IV.5.4 Release of payload via enzymatic cleavage of peptide based

nanocapsules

After the preparation of enzymatically cleavable peptide-based hybrid nanocapsules and their
successful degradation, it was shown that a small water soluble fluorescent dye is efficiently
encapsulated and quenched in our system. Now, in addition to enzymatic degradation monitored
via the fluorescence signal of the FRET system, the fluorescence recovery of the self-quenched

dye is expected, as schemed in Figure 74.

Enzymatic cleavage #J h

(trypsin) @ o %

and consecutive dye release *

* Sulforhodamine

Figure 74: Schematic representation of the enzymatic cleavage of the peptide-based
nanocapsules with fluorescence recovery of the FRET system and of the self-
quenched encapsulated dye.
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The results of the enzymatic degradation are presented and analyzed in Figure 75.

Normalized fluorescence Mca I(t)/1(0)
Normalized fluorescence SR-101 I(t)/1(0)

0 2 a 6 8 10 12
Time / h
Figure 75: Enzymatic cleavage of peptide-based nanocapsules with release of

encapsulated SR-101. The fluorescence signals are from Mca
(A =405 nm, capsules wall, black) and sulforhodamine SR-101
(A =605 nm encapsulated dye, red) in capsules from [Mca/7NH,]
with 2 TDI equivalents. Measurements done by N. Kotman.

The signal of both Mca and SR-101 are increasing within a few hours. The curve of the FRET
system is very similar to those observed previously without payload or with encapsulated
polymer. The fluorescence signal of sulforhodamine also increases as expected, namely the
recovery of fluorescence due to the liberation of molecules entrapped in the capsules previously.
Indeed self-quenching due to high concentration no longer occurs for the molecules released in
solution. Even more interesting is that both curves have very similar shapes. It supports the
assumption, that the increase of SR-101 fluorescence intensity is due to the release of the dye,
triggered by the cleavage of the enzymatic sequence. It is also worth comparing the behavior of
nanocapsules prepared with different parameters (functionality of the peptide, numbers of TDI
equivalent) upon enzymatic degradation. The comparison of the Mca and SR-101 signals are

presented in Figure 76 and Figure 77, respectively.
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Figure 76: Enzymatic cleavage of peptide-based nanocapsules. Fluorescence

signal from Mca (A.,, = 405 nm) are displayed for samples with
encapsulated SR-101 and with different synthetic parameters.
Measurements done by N. Kotman.

The diagrams in Figure 76 show that independently of the synthetic parameters, all three
samples present a similar response to the enzymatic cleavage. It was already explained, why the
comparison of samples with two different peptides cannot be done exactly (different amounts of
peptide used) but it is expected that the sample with the larger amount of peptides (due to lower
molecular weight, here capsules from [Mca/3NH,] in black) shows a higher increase of
fluorescence (compared with [Mca/7NH,)], in red). Nevertheless, the comparison for capsules
prepared with the same peptide but different equivalents of TDI comonomer shows that the
peptide degradation is higher in the case of shorter and probably less branched polymer chain.
The analysis of the corresponding sulforhodamine fluorescence evolution is not as

straightforward as in the case of the fluorescence of Mca, as shown in Figure 77.
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Figure 77: Release of encapsulated SR-101 (A.,, = 605 nm) upon enzymatic cleavage for samples with

different synthetic parameters. Absolute intensity values are displayed on the left, while
normalized intensities are plotted on the right. The control experiments without addition of
enzyme are traced with a thinner line. Measurements done by N. Kotman.

The fluorescence signals are plotted here with both absolute and normalized values. This shows
how an “apparently” low relative fluorescent increase can correspond to a significant increase in
the absolute value, like here in the case of the capsules prepared from [Mca/3NH,] (black in
Figure 77). This is due to the higher value of the SR-101 fluorescence in the control sample. It is
also relevant to notice, that the fluorescence background is more intense, when the functionality
of the peptide decreases (14000 a.u. for [Mca/3NH,| against 2500 a.u. for [Mca/7NH,| with 2
TDI equivalents). Similarly, the samples with capsules made of polymers formed with less TDI
(i.e. shorter chains) have a higher bascline value (4500 a.u. for [Mca/7NH,] with 1 TDI
equivalent). To sum up, the fluorescence background increases when the encapsulation efficiency

decreases. This trend confirms the quenching of the dye entrapped into the particles.

The comparison of fluorescence intensity for the capsules made of peptide [Mca/7NH,] with 2
TDI (red) or only 1 TDI (blue) equivalent(s) shows, that the fluorescence increase is stronger
with less equivalents of TDI. More SR-101 is released when the chains of the capsules are
shorter. In this perspective, the sample named [Mca/7NH,] - 1 eq (see Table 9, entry JA91) TDI
seems very suitable, as it combines very good encapsulation efficiency (91%), with a stronger

response to the enzymatic cleavage and consequently a better release of the encapsulated dye.
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V.5.5 Quantitative approach of cleavage and release

The enzymatic cleavage of peptide-based nanocapsules was demonstrated. Moreover, the
triggered release of encapsulated dye was also observed. However, it would be interesting to
obtain quantitative information on the proportion of the peptide sequences which are cleaved.

Similarly, the proportion of the released SR-101 should also be determined.
Quantifying the cleavage of peptide

It was stated previously, that the determination of the peptide amount present inside the capsules
is not straightforward. The measurement of the (quenched) fluorescence intensity was not
satisfying, as scattering takes place at this wavelength (405 nm) considering the size of the
capsules. Moreover, the polymerization of the peptide may induce some rigidity in the chain and

186,290 An indirect

the quenching efficiency could be lowered, compared to peptide in solution.
method was preferred, therefore the peptide dialyzed out was quantified via fluorescence
measurements (see paragraph V.3.5). To quantify the amount of peptide cleaved in the
nanocapsules, the best approximation is obtained by comparing the overall fluorescence increase
in capsule suspensions with the increase of fluorescence observed with different concentrations

of the peptide, using exactly the same parameters for the fluorescence measurements. This work

was processed with peptide [Mca/7NH,] at vatious peptide concentrations.

Table 10: Increase of fluorescence during enzymatic cleavage in dependence of the peptide concentration.

Peptid trati , E . . -
epti econcc_aln ration 10° 2x10° 5x10°° 10° 2%10°
(mol-L™)
Absolute fluorescence increase 1200 3600 6 400 12 650 22 700

(a.u.)

For all dispersions and cleavage expetiments prepared from peptide [Mca/7NH,], the
fluorescence increase was located between 15000 and 20000 a.u within 12 h; the calculations were
then done assuming that the amount of peptide cleaved on the nanocapsules was comprised
between the amounts of peptide cleaved in a 10° M solution and in a 2X10° M solution,
assuming quantitative cleavage. Taking into account the amount of peptide dialyzed out (around
15%) and dilution factors, it means that between 4.8% and 9.5% of the peptide present in the

nanocapsules is degraded within the first 12 h.
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This is the best approximation that can be obtained. However, this approximation is under-
estimated because of the scattering due to the capsules. These values show that a consequent
amount of the peptide is degraded and confirm that the capsules are not fully degraded within a

few hours, which was observed visually on all samples.
Quantifying the release of encapsulated dye

Another challenge is the determination of the quantity of the released payload. A first approach is
possible using TCSPC: this method was used to observe the efficient cleavage of encapsulated
sulforhodamine. It can also be used to observe the fluorescence recovery. Figure 78 displays
TCSPC measurements of the same sample at different stages: before and after overnight

cleavage, and after an intensive ultrasonication treatment (3 min, 70% amplitude).
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Figure 78: Fluorescence decays of sulforhodamine SR-101 originally encapsulated inside the capsules.

Steady-state intensity was also measured separately: initial state before enzymatic
cleavage: 10500 counts's™, after enzymatic cleavage (16 h): 14 000 counts's’, after
ultrasonication 67 000 counts-s™.

The analysis of fluorescence with the TCSPC technique (Figure 78) shows that the fluorescence
intensity and the life-time of the sulforhodamine excited state both increased during the
enzymatic cleavage, which confirms the results obtained with fluorescence measurements for the
previous samples. Moreover, the steady-state intensity increased by 33%: there is recovery of

fluorescence of quenched sulforhodamine. The ultrasonication of the sample afterwards also
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brings some information: the increase of fluorescence is more significant, as visualized in Figure
78, with a higher intensity and a consequently increased lifetime of the fluorescence. This is also
confirmed by the steady-state intensity (+540% increase). Even if the nanocapsules are not fully

degraded, it shows that only a little amount of encapsulated dye is released within the first 16 h.

Another strategy to study the release of sulforhodamine is the centrifugation of the samples after
enzymatic cleavage. Assuming that all - and only - the released sulforhodamine molecules are
present in solution after centrifugation, it is possible to calculate the proportion of

sulforhodamine released.
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Fluorescence intensity SR-101 (a.u)

Figure 79: Fluorescence intensity of the supernatant collected after centrifugation of the
nanocapsules (from [Mca/7NH,], supernatant diluted 5x). Positive sample: addition of
trypsin, let overnight at 37 °C and centrifugation. Control: same protocol as previously
without trypsin preparation. Control + trypsin: addition of trypsin preparation to control
and measurement of fluorescence after 24 h.

The results of these experiments are summarized in Figure 79. One observes that no
fluorescence is emitted in water, or due to the presence of enzyme. The fluorescence intensity in
the supernatant is much higher when enzyme was added: sulforhodamine is released, due to
enzymatic cleavage. However, fluorescence is also observed in the supernatant without addition
of enzyme. Either it comes from degradation of the capsules during centrifugation or from the
presence of small capsules in the supernatant. The addition of enzyme to the supernatant after
centrifugation yields no increase of the fluorescence: no additional SR-101 was released, which
tends to demonstrate that the sulforhodamine present in the control samples is in solution. Then,
converting the fluorescence value to the original concentration in the supernatant, one obtains

that 3.7% of the encapsulated SR-101 are released in solution (2.8% if the SR-101 present in the
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control is withdrawn). This value seems to be relatively low, but thanks to the efficient quenching

of the encapsulated sulforhodamine, this is sufficient to detect easily variations of fluorescence.

In conclusion, the release of sulforhodamine triggered by the addition of enzyme was confirmed
by various analyses, such as the TCSPC technique or centrifugation experiments. Even though
this release concerns a minor amount of the encapsulated dye, it is largely sufficient to observe

the release properly.

IV.6 Hepsin-cleavable nanocapsules

IV.6.1 Identification of hepsin-cleavable sequence

The main goal of the project was to synthesize hepsin-cleavable nanocapsules with cargo-release
properties. The proof of principle has been successfully demonstrated with a model peptide
sequence cleaved by a non-specific protease. The next step of this project is the adaptation of this
system to a more specific enzyme, namely hepsin. Hepsin is a transmembrane protease, which is
strongly overexpressed by prostate cancerous cells. The peptide sequence RQLR-VVGG was
reported as a good substrate for hepsin.!"””! As a result, the peptide sequence displayed in Figure
80 was prepared by SPPS with the same features as the previous sequence. The recognition site is
surrounded by the Mca/Dnp FRET pair and lysine amino acids are added at both extremities for
an interfacial polyaddition reaction with diisocyanate. This peptide will be referred to as peptide

[heps/Mca/7NH,)].
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Figure 80: Formula of the peptide [heps/Mca/7NH,] synthesized for the preparation of

hepsin-cleavable nanocapsules via interfacial polyaddition.
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It is important to notice that the recognition sequence of hepsin contains amino acids with side-
groups, which can react with TDI, such as arginine (R) and glutamine (Q). Six lysine residues (i.e.
7 NH, groups for the peptide overall) were introduced in the peptide sequence, as this type of
peptide gave the best results in terms or encapsulation with the GFF peptide sequence. Moreover
here, the preeminence of lysine residues should statistically let some recognition sequence

unreacted, so that they can be cleaved by hepsin.

To test the cleavability of the peptide, a 10° mol-L" peptide solution was obtained by adding a
solution of peptide [heps/Mca/7NH,| to samples containing hepsin-positive cell lines from

prostate cancer and other control samples. The evolution of Mca fluorescence is displayed in

Figure 81.
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Figure 81: Cleavage of peptide [heps/Mca/7NH,] over time in various biological media. M- and M+

represents the cell culture medium respectively without/with FCS (fetal calf serum). PC-3
(hepsin negative) and LNCaP (hepsin positive) are both cell lines from prostate cancer,
cultivated in M+. Measurements done by N. Kotman.

The observation of the fluorescence evolution contains diverse information. In water and in cell
culture medium without FCS, the fluorescence level remains stable, which means that the peptide
is not cleaved. The addition of FCS, which contains a variety of proteins and proteolytic agents,

leads to a continuous and progressive increase of fluorescence. There are in this serum proteases
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which are able to cleave the peptide somewhere between the components of the FRET pair. In
the samples prepared with the cell cultures, the fluorescence increases to reach a maximum value
within a few hours. The peptide is degraded by both types of cells, hepsin-positive or negative.
However, a significant difference is observed between the two types of cells. The degradation of
the peptide by the hepsin-positive cells (2h) is much faster than by the hepsin-negative cells
(around 6h). These results of peptide degradation correspond to the results described in the
literature, the peptide sequence RGLRVVGG clearly degraded by hepsin. However, the hespin-
negative cells have proteolytic biomolecules capable to degrade the recognition sequence, as the

cleavage of the substrate is faster with these cells than in the cell culture medium with serum.
V.6.2 Preparation of the capsules

The nanocapsules were prepared similarly as previously, with the exception of the dispersed
phase. A strong gelification was observed when the peptide was dissolved in DMF containing
5g- 1" LiBr (sample JA98). As a result, 0.9 g DMSO with 5 g-I." LiBr was used as dispersed
phase instead of 0.75 g DMF, which correspond to the same volume of dispersed phase. The
capsules size was measured by PCCS to be 412 nm. This larger size cannot be attributed to the
increased volume of the dispersed phase, only multiplied by a factor 1.05 with respect to density
of DMF and DMSO. It is possible that the hepsin-cleavable peptide sequence is less surface
active than the peptides used previously in the precedent parts. However, this size distribution
centered at 412 nm is comparable with the size obtained with peptide [“Y”/2NH,] with similar
synthetic parameters, which was measured at 364 nm (See Figure 38, sample DMSO + LiBr,
0.5 wt.% surfactant, 2 TDI equivalents).

Similarly to what was observed for previous samples, the use of DMSO as solvent for the
dispersed phase made the EM investigation challenging: films were observed in SEM and
particle-like structures were observed with TEM (Figure 82). The capsules were then redispersed
into water and mildly ultrasonicated before dialysis. After dialysis, the size of the capsules was
450 nm and the encapsulation efficiency of SR-101 was calculated to be 94% after analysis of the

three first dialysates.
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dregm=145nm

Figure 82: TE micrographs of nanocapsules obtained from peptide
[heps/Mca/7NH,] via interfacial polyaddition (JA99).

V.6.3 Cleavage of the capsules in cell culture

The dispersion of nanocapsules was given to LNCaP cell cultures, as well as to the suitable
controls. The evolution of the fluorescence against the time was recorded as soon as the

dispersions were added. The results are summarized in Figure 83.

0 (0)

Corrected intensity Mca I(t)/1

Time/h

Figure 83: Cleavage of nanocapsules prepared from peptide [heps/Mca/7NH,] over time in
various biological media. M- and M+ represent the cell culture medium
respectively without/with FCS (fetal calf serum). PC-3 (hepsin negative) and LNCaP
(hepsin positive) are both cell lines from prostatic cancer, cultivated in M+.
Measurements done by N. Kotman.
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To a certain extent, the results with the nanocapsules are comparable with those obtained with
the free peptide. Qualitatively, fluorescence increase is observed neither in water nor in the cell
culture medium without serum. A slight fluorescence increase is recorded in the cell culture
medium with FCS: slower cleavage of the recognition site from the proteolytic enzyme contained
in the serum also occurs in heterophase. Most of all, a strong and rapid fluorescence increase is
recorded in the case of the hepsin-positive cells. It is also interesting to notice that the shape of
the curve is not the same as for the free peptide: after 14 hours, no maximum has been reached
and a fluorescence increase still takes place, which signifies that further cleavable sites become
accessible to the enzymes. In the case of the hepsin-negative cells, a fluorescence increase is also

observed, but it is clearly slower than for hepsin-positive cells, as well as less intense.

In conclusion, the preparation of peptide-based nanocapsules prepared via interfacial
miniemulsion was transferred successfully to a hepsin-cleavable peptide sequence. Not only the
capsules were degradable in cell culture, but it was found that the degradation is faster and more

significant for the cells expressing hepsin transmembrane protease.
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Conclusion and perspectives

Within this thesis, new approaches for the concepts of peptide-polymer conjugates and
peptide-based hybrid nanomaterials have been investigated. In the first part, the synthesis of a
triblock polymer-peptide-polymer was carried out following a typical peptide coupling reaction,
both in solution and on solid phase. The peptide sequence was chosen, so that it is cleaved by an
enzyme preparation of trypsin. End-functionalized polystyrene was used as a model hydrophobic
polymer and coupled to the peptide. The results show successful coupling reactions in both
methods, while the solid-phase method produced a more defined product. Suspensions
consisting of peptide-polymer conjugates particles were prepared in water by ultrasonication. In
contact with the enzyme, the peptide constituting the conjugates was cleaved, as determined by
mass spectroscopy. This demonstrates the enzymatic cleavage in heterophase of enzymatic
sequence bond to hydrophobic polymers, and is of great interest for the encapsulation and

delivery of hydrophobic molecules.

A second approach was the preparation of peptide-based hybrid nanocapsules. This was
achieved by interfacial polyaddition in inverse miniemulsion with the peptide sequence
functionalized with additional amino acids. A method suitable to the use of a peptide sequence
for interfacial polyaddition was developed. It was shown that the polarity of the dispersed phase

influences the structures prepared, from particle-like to polymeric shell with a liquid core.

The peptide sequence was equipped with a FRET pair (more exactly, an internally-
quenched fluorescent system) which allowed the real-time monitoring of the enzymatic cleavage
of the recognition site. This system showed the successful cleavage of the peptide-based
nanocapsules when trypsin preparation was added to the suspensions. Additionally, a water-
soluble fluorescent polymer was efficiently entrapped and its possible use as marker for the
capsules was highlighted. Furthermore, a small water-soluble fluorescent dye (SR-101) was
successfully encapsulated and the encapsulation efficiency as a function of the functionality of the
peptide and the amount of comonomer equivalent (toluene diisocyanate) was studied. The
fluorescent dye was encapsulated at such a high concentration, that self-quenching occurred.
Thus, the release of the encapsulated dye triggered by the enzymatic cleavage of the peptide
resulted in a fluorescence recovery of the dye. The fluorescence recovery of the FRET pair in the

peptide and of the encapsulated dye correlated well.
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V. Conclusion

Finally, nanocapsules based on a hepsin-cleavable peptide sequence were prepared.
Hepsin is an enzyme, which is highly upregulated in prostate cancer cells. The cleavage of the
nanocapsules was investigated with healthy and “cancerous” (hepsin-expressing) cell cultures.
The degradation, followed via fluorescence recovery of the FRET system, was faster for the

suspensions introduced in the hepsin expressing cell cultures.

In summary, this work tackles the domain of responsive nanomaterials for drug delivery
from a new perspective. It presents the adaptation of the miniemulsion process for hybrid
peptide-based materials, and their successful use in preparing specific enzyme-responsive

nanoparticles with hydrophilic payload release properties.

Further developments in this area are conceivable. Whereas the main part of the work is
carried out with a model peptide sequence, the last section deals with a much more specific
enzyme/recognition site pait. The use of such nanomaterials responding exclusively to specific
enzymes is one of the next challenges of this project. However, the use of reactive diisocyanate as
a comonomer for polyaddition is not suitable to the functionality of certain amino acids (e.g.
serine, arginine, glutamine...). Therefore, it would be relevant to use another, more specific
reaction, for the interfacial coupling. As this reaction should be specific, obtains high yields under
mild conditions, reactions classified as “click-chemistry”; such as thiol-ene reaction or azide-

alkyne Huisgen cycloaddition, present good alternative candidates.

Other further developments deal with the features of the nanocapsules, such as the
encapsulation, or the use of a FRET pair based on a near infrared dye for studying the excitation
and fluorescence propagation in prostatic tissue. The encapsulation of therapeutic agents, like
anticancer drugs, and their efficiency after enzymatically-triggered release would also be
interesting and necessary studies. The peptide-based nanocapsules prepared by miniemulsion are
only at their beginnings when considering the potential applications, especially for use in

biological systems like specifically-triggered drug release.
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VI. Experimental part

VI1.1 Materials

VI.1.1 Chemicals

All chemicals were used as received, if not especially mentioned in the experimental part.
Amino acids

With the exception of Fmoc-Lys(Mant), prepared by M. Maier", Fmoc-Lys(Mca)-OH, Fmoc-
Lys-(Dnp) and Fmoc-Tyr(3-NO,)-OH (from Bachem), all (L)-Fmoc-protected amino acids and
preloaded resin (Fmoc-Gly-Wang resin, 100-200 mesh, loaded 0.79 mmol-g" or 0.30 mmol-g")
for SPPS were purchased by Novabiochem (Merck). The purity of the commercial amino acids

was = 98%.
Other chemicals

1-Hydroxybenzotriazole hydrate (HOBt, H,O, Fluka, 298%), N-[(1H-benzotriazol-1-
yl)(dimethylamino)methylene]-N-methyl-methanaminium hexafluoro-phosphate N-oxide
(HBTU), ethyl cyano-glyoxylate-2-oxime (Oxyma Pure, Merck, 298%) and N,N-
diisopropyethylamine (Fluka, =98%) were used for peptide coupling reaction. Trifluoroacetic
acid (TFA, Acros, 99%), triisopropylsilane (TIS, Alfa Aesar, 99%) and were used for the cleavage

of the peptide from the resin.

The monomer styrene (Aldrich, 299.5%) and N-vinylpyrrolidone (VP, Aldrich, 99%) were
purified at described in the polymerization parts. Toluene-2,4-diisocyanate (TDI, Sigma-Aldrich,
>98%) and (HDI, Sigma-Aldrich, 298%) were used for the interfacial polyaddition. Salt lithium
bromide (= 99%, anhydrous, Alfa Aesar) and sec-butyl lithium (Alfa Aesar) were used.

Sulforhodamine 101 (SR-101, Sigma-Aldrich) and boron-dipyrromethene-phenylmethacrylate

furnished and synthesized by Andrey Turshatov, were used for their fluorescing properties.

The surfactants tested and used were sodium dodecyl sulfate (SDS, Merck, 99%), Fortegra 100
(Dow) and polyglycerol polyricinoleate (PGPR, Danisco). The block copolymer emulsifier
poly(butylene-co-ethylene)-block-poly(ethylene oxide) P(B/E-b-EO) consisting of a poly(butylene-
co-ethylene) block (M,, = 3700 g'mol ) and a poly(ethylene oxide) block (M, = 7300 g:mol ') was
synthesized starting from Kraton liquid (Shell), which was dissolved in toluene, by adding

ethylene oxide under typical conditions of anionic polymerization.””
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Solvents

The solvents used were acetonitrile (99.99%, Fisher), cyclohexane (p.a, VWR), diethyl ether
(Sigma Aldrich, 299.5%), N, N-dimethylformamide (DMF, p.a., Sigma Aldrich) and d™-
dimethylformamide (Sigma Aldrich, 99.9%), dimethylsulfoxyde and d’-dimethylsulfoxyde
(DMSO, Sigma Aldrich, 99.9%), dichloromethane (DCM, 99.99%, Fisher), 1,4-dioxane (Sigma-
Aldrich, stabilized, 299.5%), ethyl acetate (Fisher, =99.9%), N-methylpyrrolidone (Sigma
Aldrich, 99%), methanol (Fisher, 299.9%), and tetrahydrofuran (THF, Sigma Aldrich, 299.9%).

Milli-Q) water was used as water constituent of the dispersed phase miniemulsion.

VI.1.2 Synthesis of carboxylic acid end-functionalized polystyrene by

anionic polymerization

0}
10 OH
Figure 84: Structure of w-carboxy-functionalized

polystyrene  prepared by anionic
copolymerization.

The preparation of carboxylic acid end-functionalized polystyrene (PS-COOH, Figure 84) was
carried out by T. Wagner with anionic polymerization, adapted from a protocol described in the

literature.?™

THF was distilled and purified with diphenylethyl lithium and styrene was distilled
after purification via fluorenyl lithium. Sec-butyl lithium was used as initiator to polymerize
styrene with a targeted degree of polymerization DP = 10. Then, the solution of polymer is
placed under carbon dioxide bubbling. The concentration of polymer was low enough to prevent
the formation of “multi-arm” ketone or tertiary alcohol polymer.” At this stage, the acid group
is still in the form of lithium salt (PS-COOLI) but already suitable and convenient for SEC
analysis. The transformation of the lithium salt in carboxylic acid group was done under bubbling

of hydrogen chloride, and the end-product PS-COOH was precipitated in methanol. The

synthetic process is summarized in Figure 85.
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s-BulLi

Figure 85: Summary of the synthetic route to prepare w-carboxy-functionalized
polystyrene via anionic polymerization.

Two polymers of different molecular weights were prepared. The molecular weight distribution
was measured by SEC analysis: Batch#1 PS-COOH (M, = 1120 g'mol’, M, = 1250 g'mol’,
PDI=1.12 in THF, calibration PS) and Batch#2 PS-COOH M, = 5900 g'mol,
M, = 6200 g'mol’, PDI = 1.04 in THF). More precisely, the molar mass distributions were
obtained from elugrams of PS-COOL,, and not from the end product PS-COOH. Indeed, the
final product, the carboxy-functionalized polymer tends to form a dimer in solution, as discussed

in paragraph IV.1.1.b (see Figure 30).

VI.1.3 Radical synthesis of poly(vinylpyrrolidone-co-(boron-
dipyrromethene-phenylmethacrylate)

The preparation of a water soluble, fluorescent polymer was carried out to encapsulate a water
soluble payload which is surely not leaking through the wall of the peptide-based nanocapsules.
Among the water soluble polymer, poly(vinylpyrrolidone) was chosen for its non-reactivity with
TDI. It was copolymerized in solution with a small amount of a methacrylate monomer

functionalized with a fluorescing group, as shown in Figure 86.

1.5 g N-Vinylpyrrolidone (9.107 mol, M = 111 g'mol), purified twice on an aluminum oxide
column, and 5 mg boron-dipyrromethene-phenylmethacrylate (Bodipy monomer, 0.33 wt.%)
were dissolved in 3.5 g of 1,4-dioxane (also purified twice on aluminum oxide column, Ty =
102 °C under 1 atm) and degased under argon. Then 16 mg initiator V-59 (2,2"-azobis(2-
methylbutyronitrile), 8.3 10 mol, M = 192 g'mol”, 10 hours decomposition half-time at 67 °C)
were added. The whole solution was degased again and the reaction proceeded for 65 h at 70 °C

under argon.
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A very viscous mixture was obtained. A 'H-NMR analysis in 1,4-dioxane-d® of the raw product
shows yields higher than 99.5% (proton attached to the g’ carbon atom of N-vinylpyrrolidone

monomer hardly detectable at = 6.95 ppm and 6 = 4.40 ppm).

N o
%.005

o o

Figure 86: Statistic composition of fluorescing water soluble polymer for encapsulation.

Purification was carried out as following: the polymer was completely dissolved in a minimum
amount of 1,4-dioxane and precipitated by low boiling petrol ether addition. The liquid fraction
was removed and the polymer was dissolved in 1,4-dioxane. After three precipitations, the

polymer is washed with petrol ether and dried overnight at 35 °C in a vacuum oven.

A fine orange powder was obtained, confirming the successful copolymerization of the Bodipy-
monomer. The polymer is soluble in water and in DMF. SEC analysis was carried out in DMF:
UV detection at 440 nm clearly shows that the Bodipy-monomer had copolymerized and that
there was no monomer left in the purified product. Refraction index detector gives the following
mass distribution: M, = 18800 g'mol”, M, = 122300 g'mol’, PDI = 6.5 with poly(vinylpyridine)

calibration.
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VI.2 Synthesis and preparation of peptides

VI.2.1. Solid-Phase Peptide Synthesis (SPPS)

The peptide sequences were prepared using standard solid-phase 9-fluorenyl-methoxycarbonyl
(Fmoc) chemistry with a microwave assisted automated peptide-synthesizer (Liberty, CEM). The

parameters used for coupling and deprotection steps are mentioned below.

e Coupling: 300 s under microwave heating, with a temperature reaching and stabilized at
75 °C after around 90 s, with HBTU and HOBt or Oxyma Pure as activators, DIEA as

base, following the amounts indicated in Table 11.

Table 11: Equivalents amounts of reactants used in SPPS depending on the amount synthesized.

Peptide . .
Activat lent
amount ctivator equiva‘en Activator base Amino acid
synthesized (HBTU & HOBt or Oxyma (p|ga) equivalent equivalent
(mmol) Pure)
0.1 5 10 5
0.5 5 10 4

e Deprotection: a first deprotection stage of 30 s (temperature reaching around 50 °C at
the end) followed by a second one during 180 s (temperature 75 °C) with a 20 wt.%

solution of piperazine in DMF.

e Washing: the resin was washed 3 to 5 times between each coupling or deprotection step.

e Cleavage: Cleavage of peptide from the resin was performed using a mixture of
TFA/TIS/H,O (95%/2.5%/2.5%) for 15 h at ambient temperature. After filtration, the
peptides were precipitated and centrifuged three times in in cold diethyl ether, and dried

Over vacuum.
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VI1.2.2 Peptides

In this paragraph, all the peptides mentioned later for the preparation of linear peptide-polymer
conjugates or peptide based hybrid nanocapsules are listed, schemed and characterized, mainly
through 'H-NMR spectroscopy and MALDI-TOF MS. The use of these two methods in

addition to HPLC for the purity allows an exhaustive characterization of the peptide.

Peptide GFFKG - [-/2NH,]

HoQ Ho
N N OH
HNTY n: i N
o 0 o}
H,N

Figure 87: Structure of peptide [-/2NH,].
'H-NMR (DMF-d,, 300 MHz): é [ppm] 13.2 (br. s, 1H), 8.86 (d, *J;;; = 8.4 Hz, 1H), 8.60 (d, *Jin
= 8.3 Hz, 1H), 8.43 (br. s, 6H), 8.17 (m, 2H), 7.15-7.35 (m, 10H), 4.67 (m, 2H), 4.51 (m, 1H),
3.86 (m, 4H), 3.07 (m, 4H), 2.83 (m, 2H), 1.40-1,90 (m, 6H).
MALDI-TOF MS: Mass calculated M = 554.29 — found: Batch#1: 555 [M+H]", 577 [M+Na]",
593 [M+K]*, Batch#2: 555 [M+H] *, 577 [M+Na]", 593 [M+K]*

Yield (gross) Batch#1: 64% (0.5 mmol), Batch#2: 91% (0.5)

HPLC: Gradient methanol/0.1% TFA in H,O from 20/80 to 100/0 in 10 min; 1 mL-min", UV
220 nm, Batch#1 #: 5.6 min (98%), 6.8 min (2%), Batch#2 #%: 5.6 min (97%), 6.9 min (3%).

Peptide (GFF),KG — [“Y”/2NH,]

Figure 88: Structure of peptide [“Y”/2NH,]. Due to the ramification, the
coupling step was repeated twice for each amino acid following
the branching point (lysine).
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'H-NMR (DMF-d,, 300 MHz): 6 [ppm] 13.0 (br. s, 1H), 8.75 (d, >J;1;; = 8.7 Hz, 1H), 8.71(d, >/ ;114
= 8.7 Hz 1H), 8.45-8,60 (br. s, 6H), 8.49 (d, *J,;; = 8.1 Hz, 1H), 8.36 (d, *J,y; = 8.2 Hz, 1H),
8.16 (t, >Jyuy = 5.9 Hz, 1H), 8.09 (d,1H), 7.80 (t, >y = 3.4 Hz, 1H) 7.15-7.35 (m, 20H), 4.72 (m,
3H), 4.61 (m, 1H), 4.46 (m, 1F), 3.92 (m, 6H), 3.12 (m, 8H), 2.92 (m, 2H), 1.30-1.55 (br. m, 6H).

MALDI-TOF MS: Mass calculated M = 905.44 — found: Batch#1: 928 [M+Na]", 944 [M+K]",
Batch#2: 906 [M+H]", 912 [M+Li]", 928 [M+Na]", 944 [M+K]", Batch#3: 906 [M+H]", 928
[M+Na]", 946 [M+K]", Batch#4: 906 [M+H]", 928 [M+Na]", 945 [M+K]", Batch#1 907
[M+H]", 929 [M+Na]", 945 [M+K]".

Yield (gross) Batch#1: 64% (0.1 mmol), Batch#2: 64% (0.1), Batch#3: 72% (0.5), Batch#4: 59%
(0.5), Batch#5: 55% (0.5).

HPLC: Gradient methanol/0.1% TFA in H,O from 20/80 to 100/0 in 10 min; 1 mL-min", UV
220 nm, Batch#1 #£: 7.6 min (92%), 8.3 min (3%), 8.6 min (5%), Batch#2 #: 7.6 min (91%), 7.8
min (5%), 8,3 (4%), Batch#3 #: 7.6 min (90%), 8,3 min (6%), Batch#4 #: 7.7 min (92%), 8,7 min
(7%), Batch#5 7: 7.6 min (91%), 8,3 min (5%), 8.6 min (4%)

Peptide K(Mant)GFFY(NO,)KG — [Mant/2NH,]

nggi

Y(NO,)

0
/
H Mant

Figure 89: Structure of peptide [Mant/2NH,].

'H-NMR (DMSO-d,, 300 MHz): 4 [ppm] 12.60 (br. s, 1H), 10.78 (s, 1H), 8.51 (m, 1H), 8.32 (t,
2 = 8.4 Hz 1H), 8.0-8,29 (m, 5H), 7.65 (br., 6H), 7.48 (dd, *J,;, = 8.6 Hz, *J,yy = 2.5 Hz,
1H), 7.43 (dd, >y = 8.5 Hz, *Jyyy = 2.4 Hz, 1H), 7.15-7.29 (m, 11H), 7.01 (d, >y = 8.5 Hz,
1H) 6.60 (d, /1y = 8.7 Hz, 1H), 6,53 (t, >J;y; = 8.2 Hz 1H), 4.50 (m, 3H), 4.30 (m, 2H), 3.8 (m,
4H), 3.17 (m, 4H), 2.6-3.0 (m, 6H), 2.73 (s, 3H) 1.52 (br. m, 12H).
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MALDI-TOF MS: Mass calculated M = 1023.48 - Found 1025 [M+H]", 1047 [M+Na],
1063 [M+K]"

Yield (gross) 72% (0.5 mmol).

HPLC: Gradient methanol/0.1% TFA in H,O from 20/80 to 100/0 in 10 min; 1 mL-min", UV
220 nm, 4: 4.4 min (17%), 5.3 min (83%).

Peptide K(Mant)KGFFY(NO,)KG — [Mant/3NH,]

—NH

o) >\: Mant
HN

4 ngi?g&

==

Y(NO,)

Figure 90: Structure of peptide [Mant/3NH,]

'H-NMR (DMSO-d,, 300 MHz): 6 [ppm] 12.6 (br. s, 1H), 10.79 (s, 1H), 8.54 (d, >J;1; = 8.4 Hz,
1H), 8.07-8,29 (m, 4H), 7.99 (d, >/, = 8.3 Hz, 1H), 7.81 (d, *J,1; =2.4 Hz 1H), 7.65 (br., 10H),
7.48 (dd, *J,y = 8.6 Hz, *J,yy, = 2.6 Hz 1H), 7.43 (dd, >/, = 8.5 Hz, Jyy = 2,4 Hz 1H), 7,29
(m,1H), 7.15-7.27 (m, 10H), 7.02 (d, *J,y = 8.5 Hz, 1H) 6.60 (d, *J;;; = 8.3 Hz, 1H), 6,53 (t,
[ = 8.4 Hz, 1H), 4.40-4,65 (m, 4H), 4.31 (m, 2H), 3.8 (m, 4H), 3.17 (m, 4H), 2.62-3.04 (m,
8H), 2.73 (s, 3H) 1.52 (br. m, 18H).

MALDI-TOF MS: Mass calculated for M = 1151.48 - found 1152 [M+H]", 1174 [M+Na]", 1190
[M+K]*
Yield (gross) 68% (0.5 mmol).

HPLC: Gradient Methanol/0.1% TFA in H,O from 20/80 to 100/0 in 10 min; 1 mL'min", UV
220 nm, ty: 4.4 min (9%), 4.9 min (91%).
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Peptide KK(Mca)GFFK(Dnp)KG — [Mca/3NH,)]

H,N H,N
O SRS coon
H,N H/\n/ N N ~
0 o] o] 0
HN HN
o
o)

Dnp

2

(o] NO,

Mca

Figure 91: Structure of peptide [Mca/3NH,].

'H-NMR (DMSO-d,, 300 MHz): 6 [ppm] 12.55 (br. s, 1H), 8.88 (d, >J,;,; = 2.7 Hz, 1H), 8.82 (d,
T = 2.9 Hz 1H), 8.48 (d, *J,yy = 7.7 Hz, 1H), 8.32 (d, 1H), 8.05-8,25 (m, 4H), 7.98 (d, *J;yy; =
7.2 Hz, 1H), 7.69-7,46 (br. m, 10H), 7,25 (d,1H), 7.10-7.20 (m, 10H), 7.02 (d, */,;; = 4.2 Hz, 1H),
6.98 (dd, *J,yy; = 8.8 Hz, *Jyyy = 4.1 Hz, 1H), 6.23 (s, 1H), 4.55 (m, 2H), 4.30 (m, 4H), 3.85 (s,
3H), 3,79 (d, iy = 44 Hz 1H), 3.76 (d, %]y, = 4.8 Hz, 1H), 3.66 (s, 2H), 3.5 (s, 2H), 3.04 (m,
4H), 2.61-2.82 (m, 4H), 1,44-1.68 (br. m, 24H).

MALDI-TOF MS: Mass calculated M = 1320.61 - found 1321 [M+H]", 1343 [M+Na]", 1359
M+K]*
Yield (gross) 75% (0.5 mmol).

HPLC: Gradient acetonitrile/0.1% TFA in H,O from 30/70 to 100/0 in 20 min; 1 mL-min", UV
340 nm, 7%: 3.4 min (12%), 3.6 min (80%), 3.8 min (8%).

Peptide KKKK(Mca)GFFK(Dnp)KKKG - [Mca/7NH,]
H,N H,N H,N H,N
H,N N N N N N ~
H,N HN HN H,N
o @
N

02
Dnp
(o] NO,

Figure 92: Structure of peptide [Mca/7NH,].
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"H-NMR (DMSO-d,, 300 MHz): 6 [ppm] 12.65 (br. s, 1H), 8.88 (d, *J;y; = 2.7 Hz, 1H), 8.82 (d,
Jan = 2,7 Hz 1H), 8.57 (d, *J;u = 7.7 Hz, 1H), 8.32 (d, *J;;y = 3.7 Hz, 1H), 8.05-8,25 (m,
11H), 7.70-7,85 (br., 21H), 7.68 (d, *J;yy; = 8.8 Hz, 1H), 7,25 (s,1H), 7.06-7.23 (m, 10H), 7.0 (d,
1H, *Jyn = 4.2 Hz), 6.96 (dd, *J,; = 8.8 Hz, ],y = 2.4 Hz, 1H), 6.23 (s, 1H), 4.55 (m, 3H),
4.30 (m, 7H), 3.85 (s, 3H), 3,79 (m, 1H), 3.72 (m, 1H), 3.67 (s, 2H), 3.6 (s, 2H), 2.94-3.02 (m, 4H),
2.61-2.81 (m, 12H), 1.41-1,72 (bt. m, 48H).

MALDI-TOF MS: Mass calculated M = 1834.00 — found: 1837 [M+H]", 1844 [M+Li]", 1859
[M+Na]", 1876 [M+K]"

Yield (gross) 92% (0.5 mmol).

HPLC: Gradient Acetonitrile/0.1% TFA in H,O from 10/90 to 80/20 in 20 min; 1 mL-min",
UV 340 nm, #%: 7.9 min (89%), 8.3 min (11%).

Peptide KKKK(Mca) RQLRVVGGK(Dnp)KKKG - [heps/Mca/7NH,]

No2

ggxiwg* ;»Qiﬂﬁf«w*iwféwf

2

Figure 93: Structure of peptide [heps/Mca/7NH,]

'H-NMR (DMSO-d,, 300 MHz): 6 [ppm] 11.68 (br. s, 1H), 8.88 (m, 2H), 8.42 (m, 1H), 8.24 (d,
2T = 3.8 Hz, 1H), 8.08-8.20 (m,5H), 7.80-8,05 (m, 20H), 7.22 (d,?],;;; = 8.8 Hz, 1H) in 7.1-7.5
(m,12H), 7.0 (d, 1H, *J,,;; = 4.1 Hz), 6.96 (dd, *J;;y; = 8.7 Hz, *J;y; = 2.4 Hz, 1H), 6.23 (s, 1H),
4.23 (m, 14H), 3.86 (s, 3H), 3.72-3.78 (m, 7H), 3.0-3,17 (m, 4H), 2.94-3.0 (m, 2H), 2.75 (m, 12H),
1.91-2.03 (m, 6H), 1.41-1,72 (br. m, 59H), 0.79-0.86 (m, 18H).

MALDI-TOF MS: Mass calculated M = 2348.36 — found: 2350 [M+H]*, 2224 [M-Lys+H]’,
2094 [M-2-Lys+H]", [M-3-Lys+H]"

Yield (gross) 56% (0.1 mmol).

HPLC: Gradient acetonitrile/0.1% TFA in H,O from 10/90 to 20/80 in 20 min; 1 mL-min", UV
340 nm, #: 6.8 min (6%) 7.1 min (78%), 7.4 min (16%).
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A few precisions still have to be added. When the synthesis was successful, the peptides were
used as such for the preparation of conjugates or nanocapsules. Regarding the process of
cleavage, the peptides obtained do not strictly correspond to the formula drawn above: all the
amine groups (in our case the lysine residues and the N-terminus) are actually in the form of the
trifluoroacetate salt. This could have an influence on the reaction in organic solvent. Therefore, a

B was tried to eliminate the counter ion. It consists in the

process from the literature
precipitation of the peptide under basic pH by sodium hydroxide addition. In our case, we
observed the gelification of the peptide, very unpractical to dry and compromising the further

steps.

However, this salt is still present on the peptide and this has consequences: each peptide has a
“true” molecular weight (corresponding to the structures displayed, observed in MALDI-TOF
MS) and an “apparent” molecular weight (linking the mass obtained and the quantity of peptide
synthesized, to calculate the yield for example). All characteristics of the peptides are summarized

in Table 12.

Table 12: Summary of “apparent” and “true” molecular weight of the peptide prepared.

“" v
Amine Molecular weight Apparent” molecular

Peptide FRET System functionality (g-mol”) weighj

(g:mol”)
[-/2NH,] / 2 555 783
[“Y”/2NH,] / 2 906 1134
[Mant/2NH,] Mant/Y(NO,) 2 1024 1252
[Mant/3NH,] Mant/Y(NO,) 3 1150 1492
[Mca/3NH,] Mca/Dnp 3 1320 1662
[Mca/7NH,] Mca/Dnp 7 1834 2632
[heps/Mca/7NH,] Mca/Dnp 7 2348 3146

Later, the peptides listed above were used as such for the preparation of linear peptide-polymer

conjugates or peptide-based hybrid nanocapsules.

V1.3 Peptide-polymer coupling reactions

All the peptide-polymer coupling reactions presented in this thesis are based on the same reaction

used for peptide synthesis: the synthesis of an amide bound between a carboxylic acid group and
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an amine. One can actually see the carboxylic acid w-functionalized polymer as a large terminal
amino acid, especially in case of solid-phase coupling. Therefore, the same standard coupling

method as in SPPS was used (see above, paragraph VI1.2).
VI.3.1 Peptide-polymer coupling in solution

Polymer and peptide [-/2NH,] wete — as far as possible, because of polymer distribution — under
stoichiometric proportions to form a triblock conjugate: two polymers for one peptide.
Activators were introduced in the same proportions as for standard peptide coupling, and were
premixed to the polymer to favor its activation rather than the C-terminus of the peptide. The
reaction in solution was processed at 75 °C in microwave oven during 150 min, to balance the
dilution effect (factor 1.5) but principally to overcome possible steric inhibition due to presence
of the polymer under the form of physical dimer.

After the reaction DMF was evaporated under vacuum. The solid remaining was washed 3 times

on Frit N°4 with 1 wt.% sulfuric acid solution, then 3 times with methanol and dried.
VI.3.2 Peptide-polymer coupling on solid phase

The coupling reaction was processed on peptide [“Y’-2NH,| deprotected but still attached to the
resin, as represented in Figure 94. In this case, the polystyrene was considered as a normal amino
acid added at the end of the peptide sequence, as it was soluble at the usual concentration in
DMF (0.2 M). 90 min (three times 30 min with introduction of new polymer reactant) were left
to the polymer to react instead of 5 min usually for the amino acids. Then, the product was
cleaved in TFA solution, following the normal protocol, and was precipitated and washed three
times with methanol (instead diethyl ether) to get rid of the TFA but also of some possible
peptide not conjugated to a polymer chains. Once dried in vacuum, the product of solid-phase

coupling was characterized and submitted to enzymatic cleavage.

Y g Y
i

Figure 94: Structure of peptide [“Y”/2NH,] still attached to the
resin for solution coupling.
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VI.4 Preparation of peptide-based nanocapsules in miniemulsion

Each miniemulsion was prepared following the same experimental protocol, described herein.
Preparation of miniemulsion

50 mg of peptide (apparent molecular weight) were dissolved in 0.75 g polar solvent for dispersed
phase (usually DMF containing 5 gL lithium bromide). Dyes like P(VP-co-Bodipy) or SR-101
were also dissolved in the dispersed phase at that stage. Then, 6.75 g cyclohexane containing 0.5
wt.% surfactant poly(butylene-co-ethylene)-4-poly(ethylene oxide) P(B/E-4-EO) were added and
the mixture was stirred for one hour at 1000 rpm. Then, ultrasonication (3 min total, applied in
pulses of 10 s with 10 s pause, 70% intensity) was applied to the sample with a V4" tip under ice
cooling. A toluene diisocyanate (TDI) solution in cyclohexane was prepared, so that around 0.5 g
contains precisely the desired stoichiometric amount of the TDI to be added. The solution was
freshly prepared and added directly after ultrasonication of the sample. The solution was added

drop wisely to the stirred miniemulsion with a syringe and left under agitation for 15 h.

In the case of dye encapsulation, the amounts were the following: 5 mg of SR-101, or 21 mg of

P(VP-¢o-Bodipy).
Redispersion in water

The cyclohexane based miniemulsion was dispersed in twice its weight of distilled water with
0.3 wt.% SDS. Later, the sample was stirred at maximum 45 °C until complete cyclohexane
evaporation. This was followed by weighing the sample. To ensure complete evaporation, the
weight was brought under its expected value and adjusted with distilled water at least two times.
From samples JA79, the samples were ultrasonicated afterward under mild conditions (3 min

total, applied in pulses of 10 s with 10 s pause, 70% intensity) to break up aggregates.
Dialysis

Before enzymatic cleavage, the samples were all dialyzed in = 2 L. water at least during one week,
with daily water change each working day. Dialysis was done with 14 kDa (exceptionally 100 kDa
as indicated in results & discussion part) molecular weight cut-off membrane: to remove free
peptide, not encapsulated dye (especially for samples sonicated after redispersion) and to reduce
surfactant concentration. The amount of dialyzed peptide and not encapsulated dye were

determined by fluorescence measurements of the dialysate water.
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General remarks

To summarize the previous paragraphs, here are a few parameters of our system.

In cyclohexane, the solid content of the miniemulsion is approximately 1.5% (depending on TDI

equivalent and presence/absence of encapsulated dye).
The peptide represents around 60% weight of this solid content.

The sutfactant P(B/E-4-EO) concentration of 0.5 wt.% in cyclohexane cotresponds to 4.5 wt.%
of dispersed phase.

After redispersion in water, the solid content drops to around 1% (dilution by a factor two but
addition of SDS surfactant).

If there is no free peptide removed during dialysis, the “concentration” of peptide sequences in
the final miniemulsion is in the range of 10 mol'L." depending on the molecular weight of the
peptide.

Concerning the encapsulated fluorescing polymer: 21 mg of P(VP-co-Bodipy) were added to the
dispersed phase. It corresponds to 0.1 wt.% of Bodipy dye related to solid content in the

capsules, a sufficient and standard concentration in miniemulsion to observe fluorescence.

About the encapsulation of SR-101, 5 mg were introduced into the dispersed phase. This

represents a concentration of 10.5 mM, much higher than the 3.2 10° M where self-concentration

[153]

quenching starts occuring and should ensure an efficient quenching of fluorescence in the

capsules synthesized.
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VI.5 Appendix

VI1.5.1 Methods

'H-NMR spectroscopy
'H-NMR spectra were recorded on Bruker DRX spectrometers (300, 400, 700 MHz) at 298.7 K.
DOSY-NMR spectroscopy

Diffusion ordered spectroscopy NMR (DOSY-NMR) experiments were conducted on a Bruker
Avance-I11 700 MHz NMR Spectrometer employing a 5 mm BBI 'H/X z-gradient probe with a
gradient strength of 5.35 [G'mm'|. The gradient strength was properly calibrated by analysis of a
sample of “H,0/'H,O at a defined temperature and comparison with the theoretical diffusion
coefficient of *H,0O/'H,O. The temperature was kept constant at 298.3 K using the Bruker
Topspin 2.1 software monitoring a standard '"H methanol NMR sample. The gradient strength
was varied in 32 or 64 steps from 2% to 100%. The diffusion time was 350 ms, while the gradient
pulse length was 1.1 ms. For the diffusion measurements a 2D sequence (Bruker program:
dstebpgp3s) was employed using double stimulated echo for convection compensation. For
estimation of the error in the determination of diffusion constants the standard deviation of
decay curves for selected proton peaks, was fitted using the Bruker SimFit package and
appropriate diffusion fit functions. Relative S.D.s were of the order of 1:10”. As an internal

frequency lock, deuterons of DMSO-d, were used.
Centrifugation

Centrifugation of the nanocapsules to analyze the supernatant of enzymatic cleavage was carried
out on a Sigma 3-30k centrifuge. The samples were centrifuged at 20 000 rpm during 20 min and

supernatant was deducted carefully.
Dialysis

The samples were dialyzed against 2 L. deionized water (dialysis tube, cut-off generally 14 kDa,
also 100 kDa when influence of the cut-off was studied) for at least one week (water changed at

least every day) to remove surfactants, non-encapsulated dye and possible unreacted peptide.
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High-performance liquid chromatography (HPLC)

HPLC was performed in different gradients of THF/0.1 % TFA in H,O or
Acetonitrile/0.1 % TFA in H,O employing a reversed phase HD Cg column (Macherey-Nagel)
using a series 1100 pump (Hewlett Packard) and an auto 1200 series sampler (Agilent
Technologies). Substances were detected by a UV-Vis detector S-3702 (Soma) at 220 nm. Flow

was 1 mL'min" and the concentration of the sample 1 mg mlL.".
Size-exclusion chromatography (SEC)

SEC measurements were carried out in DMF or THF, with samples of the concentration of
1 g'L.". Sample injection was performed by a 717plus auto sampler (Waters) at 60 °C (DMF) and
30°C (THF). Flow was 1 mL'min". In DMF, three GRAM columns (PSS), 300 x 80 mm, 10 pm
particle size with respective pore sizes of 10°, 10* und 10’ A were employed. In THF, three SDV
columns (PSS) with the dimensions 300 X 80 mm, 10 pm particle size and pore sizes of 10°, 10*
und 500 A were employed. Detection was accomplished with DRI Shodex RI-101 detector
(ERC) and UV-Vis §-3702 detector (Soma).

Fluorescence microscopy

Digital fluorescence micrographs were acquired with an inverted wide field microscope system
from Olympus (IX70, CellF software) equipped with a 100X objective (1.3 NA), a mercury lamp,
a 12 bit CCD camera (F-View 1I) and appropriate filter sets for Mca (ex. 360/10 nm, beamsplitter
400 nm, em. 420 nm), Bodipy (ex. 510/20 nm, beamsplitter 520 nm, em. 542-570 nm) and SR-
101 (ex. 530/20 nm, beamsplitter 550 nm, em. 570 nm).

Fluorescence measurements

Fluorescence spectroscopy was carried out on a Tecan M1000 micro plate reader, for enzymatic
cleavage experiment (see below) as well as for concentration determination in solution or
dispersion. The wavelengths used for the fluorescent dyes were the following: SR-101
(Aex = 580nm, A, =605 nm), Bodipy (520 nm, 530 nm), Mca (340 nm, 405 nm) and Mant (315

nm, 425 nm), 5 nm bandwidth for both excitation and emission for all dyes.
MALDI-TOF MS

MALDI-TOF MS analyses were obtained on a Bruker-Daltonics Reflex-TOF, in reflex (peptide)

or linear (polymer) mode. The acceleration voltage was 20 kV in both cases. The samples (solid
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state) were incorporated in 2,5-dihydroxy benzoic acid (DHB) matrix and desorbed with a

nitrogen laser (A = 337 nm).
Photon cross correlation spectroscopy (PCCS)

Particle size was determined by photon cross correlation spectroscopy (PCCS) from a Nanophox
device (Sympatec GmbH). Measurements were done with 100 uL of dispersion diluted in 2.5 mL

cyclohexane or water, with the detectors set to 90° from the incident beam.
Scanning electron microscopy (SEM)

Scanning electron micrographs (SEM) were taken on a Gemini 1530 (Carl Zeiss AG) with an
InLens detector and acceleration voltage of 0.2-0.3 kV. Samples were prepared by drop-casting of

5 uL of diluted dispersions in cyclohexane on a silicon wafer.
Transmission electron microscopy (TEM)

Transmission electron micrographs (TEM) were obtained with a FEI Tecnai F20 microscope,
acceleration voltage of 200 kV. The samples were prepared with 5 pl. of diluted dispersions

placed on a 300 mesh carbon-coated copper grid.
Time-correlated single photon counting (TCSPC)

The fluorescence decays were recorded by TCSPC technique with Fluo Time 200 (Picoquant
GmbH) spectrometer. Supercontinuum laser SC450-PP (10 MHz, pulse duration ~10 ps)
(Fianium, Inc.) was used as excitation source. Laser beam A = 580 nm with spectral bandwidth
5nm was selected by a custom desighed monochromator [D. Wildanger, E. Rittweger, L
Kastrup and S. W. Hell, Optics Express 2008, 76, 9614] and coupled into a multimode optical fiber
(Thotlabs, Inc.). The value of estimated instrument response function (IRF) of the setup equals

260 ps. Additional longpass filter (4

cut

= 593 nm, Semrock, Inc.) was placed in front of detection
path for complete diminishing scattered light, that is extremely important when highly scattered

objects are investigated.
UV-VIS measurements

UV-Vis spectroscopy was carried out on a Lambda25 spectrometer (Perkin Elmer) or on a Tecan
M1000 micro plate reader. For quantitative detection of certain characteristic groups, the
followings absorption wavelengths were used: SR-101 (580 nm), Bodipy (525 nm), Mca (340 nm)
and Mant (315 nm).
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Ultrasonication

Ultrasonication steps were cartied out on a Branson 450D sonifier (1/8”, 1/4” or 1/2” diameter
tip, depending on the volume of the sample), for miniemulsion formation (3 min total, applied in
pulses of 10s with 10s pause, 70% intensity) and some redispersion (3 min total, applied in pulses
of 10 s with 10 s pause, 30% intensity). During ultrasonication, the sample was cooled with an ice

bath to prevent solvent evaporation.

Enzymatic cleavage experiments

A trypsin preparation was used for the cleavage of the peptide with GFF recognition site. The
trypsin preparation (Invitrogen) actually consists of trypsin, chymotrypsin and traces of pancreatin,
according to the answer of the producer to our inquiry. The cleavage experiments of the
nanocapsules were carried out by diluting the dispersion 5 times in water and adding trypsin
preparation to a final enzyme concentration of 2.5 g'L'. Fluorescence intensities

(Mca, A, = 405 nm, 4., = 340 nm and SR-101, 4., = 605 nm, A, = 580 nm) were monitored using
a Tecan M1000 microplate reader at 37 °C. Measurements were conducted every minute and the
plate was briefly shaken (5 s) before each of them. Each data point corresponds to the average
value of 8 replicates. In the case of preparations of samples for other methods (e.g. TCSPC,
centrifugation), the proportions were kept identical.

For the enzymatic degradation of the microparticles prepared from linear triblock peptide-
polymer conjugate, it was processed as following: 20 mg of conjugates were introduced in 9 mL
PBS buffer and were ultrasonicated (2 min total, applied in pulses of 5 s with 5 s pause, 70%
intensity). 1 mL of trypsin solution was added to a final concentration of 2.5 g*L.". The sample

was then agitated at 37 °C for 24 h and the water was evaporated. MALDI-TOF MS analyses

were performed with the remaining solid mixture conjugate/enzyme/salt.
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VI.5.2 Summary of FRET-peptide based hybrid nanocapsules

Table 13 : Summary of peptide-based hybrid nanocapsules prepared from peptides carrying a FRET pair.

DI Xso (PCCS) in
Sample Peptide Dispersed phase Encapsulation Comments
equivalent cyclohexane / nm
JA46 [Mant/2NH,] DMF + LiBr 1.5 - 232 /
JA47 [Mant/3NH,] DMF + LiBr 1.5 - 208 /
JA49 [Mant/2NH,] DMF + LiBr 1.5 SR-101 226 /
JA50 [Mant/3NH,] DMF + LiBr 1.5 SR-101 224 /
JAGO [Mca/3NH,] DMF + LiBr 1.5 - 153 /
JA61 [Mca/3NH,] DMF + LiBr 1.5 Bodipy-polymer 230 /
JAG2 [Mca/3NH,] DMF 1.5 Bodipy-polymer 281 /
JAG3 [Mca/3NH,] H,O + LiBr 1.5 SR-101 149 /
JAGS5 [Mca/3NH,] DMF + LiBr 1.5 Bodipy-polymer 201 /
JAGS [Mca/7NH,] DMF + LiBr 15 Bodipy-polymer 217 /
JAG9 [Mca/7NH,] DMSO + LiBr 15 Bodipy-polymer 406 (bimodal) /
JA70 [Mca/7NH,] H,0 + LiBr 1.5 Bodipy-polymer Not stable /
Gelification
JAT1 [Mca/3NH,] DMF + LiBr + DIEA 2 Bodipy-polymer / )
dispersed phase
JAT72 [Mca/3NH,] DMF + LiBr 2 Bodipy-polymer 226 /
Gelification
JA73 [Mca/3NH,] DMF + LiBr + DIEA 2 (HDI) Bodipy-polymer /
dispersed phase
JA74 [Mca/3NH,] DMF + LiBr 2 (HDI) Bodipy-polymer 214 /
15t sample with US
JAT9 [Mca/7NH,)] DMF + LiBr 2 - 155 S
redispersion
JAS0 [Mca/7NH,] DMF + LiBr 2 SR-101 158 /
JA81 [Mca/7NH,] DMSO + LiBr 5 - 1155 /
JA82 [Mca/7NH,] H,0/DMSO + LiBr 5 - Not stable /
Not fully dissolved
JA83 [Mca/7NH,] DMF + LiBr 5 Bodipy-polymer 230
in SEC
JA84 [Mca/7NH,] DMF + LiBr 5 - 288 /
JA8G [Mca/7NH,] DMF + LiBr 1 - 162 /
JA87 [Mca/7NH,] DMF + LiBr 1 Bodipy-polymer 386 /
JA90 [Mca/7NH,] H,O/DMF + LiBr 2 - 1058 Core/shell capsules
JA93 [Mca/3NH,] DMF + LiBr 2 SR-101 140 /
JA94 [Mca/7NH,] DMF + LiBr 2 SR-101 155 /
JA95 [Mca/7NH,] DMF + LiBr 1 SR-101 164 /
JA96 [Mca/7NH,] DMF + LiBr 5 SR-101 145 /
Gelification
JA98 [heps/Mca/7NH,] DMF + LiBr 2 SR-101 /
dispersed phase
JA99 [heps/Mca/7NH,] DMSO + LiBr 2 SR-101 412 /
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Abbreviations

Bodipy boron-dipyrromethene

DOSY-NMR Diffusion-Ordered SpectroscopY NMR
DMF N,N-dimethylformamide

DMSO dimethylsulfoxyde

Dnp 2,4-dinitrophenyl

HBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
HOBt 1-hydroxybenzotriazole

HPLC high-performance liquid chromatography
LiBr lithium bromide

MALDI-TOF matrix-assisted laser desorption/ionization — time of flight
Mant methylanthraniloyl

Mca (7-Methoxycoumarin-4-yl)-acetyl-

MS mass spectroscopy

NIPAM N-isopropylacrylamide

NMR nuclear magnetic resonance

OEGMA oligo(ethylene glycol) methacrylate
P(B/E-6-EO) poly|(butylene-co-cthylene)-4-(ethylene oxide)]
PCCS photon cross correlation spectroscopy

PDI polydispersity index

PEO poly(ethylene oxide)

PBS phosphate buffered saline

PPS poly(propylene sulfide)

PS polystyrene

PVP polyvinylpyrrolidone

SDS sodium dodecyl sulfate
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SEC
SEM
SR-101
TDI
TEM
TCSPC
Tyr(NO,)

UV-Vis

size exclusion chromatography
scanning electron microscopy
sulforhodamine 101

2,4-toluene diisocyanate

transmission electron microscopy
time-correlated single photon counting
3-nitrotyrosine

ultraviolet-visible

Symbols

=~

R R R

€

N}

chemical shift
average diameter of particles determined from the micrographs

diffusion constant

degree of polymerization

intensity

wavelength

molecular weight

number averaged molecular weight
mass averaged molecular weight
density

boiling point

retention time

elution volume

average size of the particles in suspension determined by PCCS

weight percentage
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