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CHAPTER 1

General introduction




ABSTRACT

In this chapter we discuss the current challenges in the biomedical field and we introduce
nanomedicine as a possible candidate to overcome these challenges. Complex Coacervate Core
Micelles have been showing great advances in biomedical applications, due to their ability to
solubilize poorly water-soluble drugs, the high stability against salt and dilution, and their great
versatility. We focus on the recent progresses towards the achievement of well-controlled Complex
Coacervate Core Micelles, by exploiting metal-to-ligand coordination chemistry and dendrimers, as
core components. In this thesis, supramolecular host-guest interactions were identified as a
promising tool to finely tune the charge of the core-units in Complex Coacervate Core Micelles and
their assembly and disassembly behavior, triggered by precise stimuli. At the end of this chapter

we present the outline of the thesis.



1.1. NANOTECHNOLOGY TOWARDS NANOMEDICINE

The treatment of chronic and severe disorders, such as hearth diseases, cancer and diabetes still
remains challenging for health care researchers (Figure 1.1.).[1-3] Conventional treatments can
develop severe side effects and drug resistance, due to the low target specificity, non-selective bio-
distribution, and poor water-solubility of the drug.[4] Drugs used nowadays for anticancer
treatments, such as paclitaxel and docetaxel, are often toxic and poorly water-soluble, leading to

the need of increasing the drug quantity and, thus, also the unwanted side effects.[5-8]
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Figure 1.1. Top 10 causes of deaths in 2016, according to World health organization’s studies. Source: Global
Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000-2016. Geneva, World

Health Organization,; 2018.

Medicine based on nanotechnology, or nanomedicine, is emerging as an alternative (nano-sized)

approach for conventional disease treatments, applicable in early diagnosis, therapy monitoring,



drug delivery, and guided surgery.[9-12] The combination of early diagnosis and localized therapy
(theranostic) can help in treating the disease in the earliest stage, when it is most likely curable
and treatable, lowering costs and risks (Figure 1.2.).[4, 6, 13]
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Figure 1.2. Representation of standard anticancer treatments a), involving usually surgery, radiotherapy and
chemotherapy when the tumor is in the primary phase. When the tumor is in the metastatic phase, the survival
rate is low and the tumor remains difficult to treat. Representation of nanomedicine-based approach b), which

has the potential advantage of high specificity and drug solubility, that might decrease side effects.

This nanotechnology-based approach relies on the use of nanoparticles or nanocarriers of sub-
micron size. Nanocarriers have several advantages compared to conventional treatments, such as
1) high surface to volume ratio, 1i) favorable and controlled drug release profile, iii) possibility to
functionalize the surface and iv) relatively long time of circulation in the blood stream.[3, 6, 14, 15]
Those properties allow the nanocarrier to interact more efficiently with tumor cells, release a drug

in a precise and localized way and avoid a premature release of the drug or being excreted from the



body. Nanocarriers can be categorized in different ways.[6, 10, 14, 16] One way of classifying is to

divide them in three categories, based on their composition:

*  polymer-based (“soft”) nanocarriers, such as polymeric nanoparticles, polymeric micelles,

dendrimers, polymeric hydrogels and polymer-conjugated drugs;

*  lipid-based (“soft”) nanocarriers, such as liposomes, solid-lipid nanoparticles, phospholipid

micelles, nanoemulsions and self-emulsifying drug delivery systems;

* 1norganic-based (“hard”) nanocarriers, such as quantum dots, gold nanoparticles, magnetic

nanoparticles, silica nanoparticles and carbon nanotubes.
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Figure 1.3. Classification of nanocarriers in three categories: polymer-based, lipid-based and inorganic-based

nanocarriers. This figure was provided by Elsevier and Copyright Clearance center with copyright permission.

The figure was published by Arora, D. and S. Jaglan (2016) "Nanocarriers based delivery of nutraceuticals for

cancer prevention and treatment: A review of recent research developments.” Trends in Food Science &

Technology 54: 114-126.



Advantages and disadvantages of these nanocarriers are summarized in Table 1.1. The main
drawback of magnetic nanoparticles, quantum dots and carbon nanotubes is the potential toxicity
of their material, that prevents them from clinical trials. On the other side, those particles have
good properties for imaging contrast agents. Supermagnetic based Iron Oxide Nanoparticles,
SPIONS, cross-linked and combined with DNA (deoxyribonucleic acid), have shown lower toxicity
compared to quantum dots and seem promising for efficient gene delivery and MRI applications.[10,
14] Liposomes and polymeric-based carriers are one of the few nanomaterials already investigated
in clinical trials, due to their low toxicity. Especially polymeric micelles have shown
biocompatibility, storage stability, solubilization of poorly water-soluble drugs and controllable
release. However, a severe disadvantage of these nanocarriers, compared to inorganic
nanoparticles, is the risk to undergo degradation before reaching the target site, (Table 1.1.).[10,

17]



Table 1.1. Summary of the advantages and disadvantages of different nanomaterials. This table was

adjusted from Lee, dJ. J., et al. (2017). "A review on current nanomaterials and their drug conjugate for

targeted breast cancer treatment."” Int J Nanomedicine 12: 2373-2384.
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Nanocarrier characteristics, such as 1) size, i1) morphology, iii) charge and iv) surface properties
can influence the diffusion and (bio)distribution inside the body, the toxicity and the drug efficacy

(Figure 1.4.). [183, 15, 18-21]
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Figure 1.4. Representation of nanocarrier’ characteristics, such as size, surface functionality, charge,
composition and morphology. Those characteristics can influence the nanocarrier biodistribution, toxicity and

drug efficiency.



1.2. POLYMERIC MICELLES

Hydrophilic and hydrophobic polymers have the ability to self-assemble in water, forming a core-
shell micelle structure.[22, 23] The association of the hydrophilic polymers in the shell and the
hydrophobic polymers in the core decreases the conformational entropy and the interfacial free
energy. The balance between entropy loss and interfacial free energy gain determines the size and
shape of thermodynamically stable micelles. After strong interactions have shaped the micellar
formation, additional proximity forces, such as Van der Waals and H-bonding, can enhance the core
stability.[23-25] Micelles based on self-assembled polymers, or polymeric micelles, are receiving
increasing attention over the last decades, especially for biomedical applications.[18, 26, 27] This
hype relies on the ability of these micelles, (Figure 1.5.), to solubilize poorly water soluble drugs,
on the versatility in controlling their size, shape, surface properties and charge, as explained in the
previous section. Figure 1.5. shows the versatility properties of polymeric micelles, such as the
ability to encapsulate stimuli-responsive moieties and targeting functionalities and apply them as

drug delivery systems or contrast agents.

polymeric micelle
drug-delivery

responsive to:
-light
-redox
-pH
-temperature

‘targeting moiety

imaging
contrast agent
Figure 1.5. Representation of polymeric micelle properties. Those micelles seem promising as imaging contrast

agents and drug delivery systems. Their versatility relies on the possibility to add targeting agents and/or

elements sensitive for light, temperature, redox, or pH.



1.3. COMPLEX COACERVATE CORE MICELLES

Coacervation is a liquid-liquid phase separation phenomenon, driven by electrostatic interactions
between oppositely charged “macro-ions”. The electrostatic interactions are followed by an entropic
gain due to the release of counterions and to the restoration of water molecules. Coacervates are
useful in a wide range of applications, such as adhesives, sensors, bioreactors, drug delivery and
cartilage mimicking.[28, 29] Attaching these oppositely charged macro-ions to a neutral domain
can form a phase separation and, consequently, coacervate micelles. Varying the length of the
neutral domain can give rise to different geometries, such as flower-like and vesicles (Figure 1.6.).
The assembly of those different coacervate micelles still relies on the self-assembly of oppositely
charged polymers, however, there are additional forces that can interfere with the complexation,
such as Van der Waals and H-bonding.[30] From the 90’s, when the first paper on micelles based
on electrostatic interactions was reported, coacervate micelles have gained increasing
attention.[31-33] In time, those micelles acquired different names, such as block ionomer complex
—BIC (Kabanov),[34, 35] polyion complex micelles-PIC (Harada),[31, 32] Complex Coacervate Core
Micelles- C3Ms (Cohen Stuart),[30] and interpolyelectrolyte complexes (Zezin),[36]. All those terms
have in common the definition of a water “insoluble” core consisting of oppositely charged units,

stabilized by a water-soluble shell.
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Figure 1.6. Representation of bulk coacervate, coacervate corona micelles, coacervate core micelles, coacervate
core vescicles, crosslinked hydrogels based on triblock copolymers, hexagonal rods based on triblock copolymers.
This figure was provided by John Wiley and Sons with copyright permission. The figure was published by
Blocher W.C. and S.L. Perry, “Complex coacervate-based materials for biomedicine” Wiley Interdiscip Rev

Nanomed Nanobiotechnol, 2017. 9(4).

The first study on this type of micelles was done in the 90’s by Harada and Kataoka on poly-lysine
and poly-aspartic acid, with a PEO chains.[31] Poly-lysine and poly-aspartic acid were forming
micelles of 15 nm size, stable to 350 mM of NaCl. Their following research focused on poly-lysine-
PEG-lysozyme micelles, but they were less stable to salt addition (150 mM of NaCl) compared to
the previous micelles. Following studies of Cohen Stuart’s group tackled fundamental parameters
for micelle formation, such as 1) CMC (Critical Micelle Concentration), 1) CSC (Critical Salt
Concentration), ii1) PMC (Preferred Micellar Concentration), iv) pH and v) block copolymer length

ratio.[30, 37-40]

1) CMC is defined as the minimum concentration of micellar monomer required for the
formation of a complex micellar structure, by shifting the equilibrium from the
monomers to the micelles. Unexpectedly, the CMC is one of the least studied micellar

parameters.[30] C3Ms based on metal-to-ligand coordination or on hydrophobic



interactions in the core exhibit a lower CMC, compared to conventional surfactants (10-
7 M), making them good candidates for biomedical applications.

11) The CSC is defined as the salt concentration until which micelles are stable. By adding
salt (and therefore ionic strength), the driving force for micellization diminishes, as
electrostatic interactions are screened. Micelles usually adopt a looser structure, their
aggregation number decreases and they, finally, swell completely, upon salt addition.
A loose structure can end up in a morphological change from spherical micelles to rod
like micelles.[38]

1i1) The PMC is defined as the composition at which the mix of positive (f+) and negative
(f-) fractions coincides with the overall fraction. By increasing the positive fraction, in
a limit 0<f+< PMC, the polymers start to assemble into small complexes and finally
into micelles. By increasing, excessively, the positive fraction, the C3Ms dissociate into
singular polymers again. Therefore, the PMC corresponds to the ratio of f+ that would
form micelles, without any singular component in excess.[30]

1v) pH hardly affects the formation when micelles are formed by two strong
polyelectrolytes, fully charged in solution, for examples poly-sodium styrene sulfonate.
However, when micelles are formed by weak polyelectrolytes, partially charged in
solution, for example polyacrylic acid, there might be a critical pH below which the
micelle dissociate.[34] If the system is not at the stoichiometric composition, the micelle
stability can be easily influenced by the pH variation.

V) The block copolymer ratio is defined as the optimum ratio of corona/core block polymer
length to avoid precipitation.[41] The chemical composition of the corona, the corona
solubility and the molecular weight of the block copolymers are also important
parameters for the micelle formation.[37, 42]

There are several methods to investigate size, shape and dynamics of C3Ms. The micellar formation
is usually confirmed by Static Laser Scattering, Z-potential, viscosimetry and conductometry.
Micellar size, structure, morphology and aggregation number are usually studied with Dynamic
Laser Scattering, Small Angle X-Ray Scattering, Small Angle Neutron Scattering, cryo-

Transmission Electron Microscopy and Atomic Force Microscopy. Most of the studies on micelles


https://en.wikipedia.org/wiki/Sodium_polystyrene_sulfonate

report spherical morphologies.[30] However, to obtain vesicles and other morphologies, additional
forces are needed, such as hydrophobic or non-stoichiometric conditions. Most of the micelles
present a size range from 10 nm to hundreds and have ideally a polydispersity index (PDI) below
0.1. The PDI is a dimensionless measure of the broadness of the size distribution calculated from
the cumulants analysis and it ranges from O, totally monodispersed sample, to 1, totally
polydispersed sample.

Micelles with strong hydrophobic interactions can easily reach a thermodynamic state, in which
the size and the polydispersity remain constant in time. A thermodynamically driven assembly
usually gives the advantage of highly reproducible, long storing and highly stable properties. By
varying the method of preparation, the order of component addition, the titration (or the direct
mixing), the results will give the same minimum energy equilibrium state.[30, 41, 43-45] However,
micelles consisting of amphiphilic block copolymers can rearrange their structure on different time
scales, from milliseconds, to weeks, and therefore, be considered “kinetically frozen”. In a
kinetically frozen state, micelles have shape, size and morphology that depends on the preparation

protocol and on the time scale.[46-48]



1.4. METAL-TO-LIGAND-BASED COMPLEX COACERVATE CORE
MICELLES

Cohen Stuart’s group has achieved a higher control on the core assembly, compared to the first PIC
micelles based on aspartic acid and lysine polymers, by using coordination chemistry. The
negatively charged polymer was substituted by a negatively charged metal-to-ligand coordination
between dipicolinic acid molecules (DPA) and metal ions (Figure 1.7.). Di-cationic transition metal
ions (II), such as Fe, Ni, Co or Zn, can be coordinated by two DPA2- molecules.[49] This coordination
forms core-units with two residual negative charges in the core (Figure 1.7. d). By adding a neutral
and positively charged block copolymer, the residual negative charges can be neutralized, thus,
leading to the formation of metal-to-ligand-based C3Ms.

C3Ms, based on these metal-to-ligand coordination structures, are very versatile. By substituting
di-cationic transition metal ions with lanthanides (III), core-units become more branched and
stable.[50, 51] Changing the ratio between different lanthanides, such as the europium to
gadolinium ratio, allows to tune the C3Ms properties from luminescent to magnetic properties
(Figure 1.7. e).[52] Velders’ group, previously, reported a full study on the coordination structure
variation, upon changing the ratio between europium ions to DPA ligand.[53] Upon increasing this
ratio, the coordination structure changes from loose oligomeric structure into well-defined
polymeric network, highly stable against salt. Yan et al. also reported the formation of a fluorescent
and MRI bimodal imaging complex, by using similar Gd-based complex coacervate micelles.[50, 54]
Those micelles show a dual channel fluorescence, (in the range of 425-475 nm and 552-617 nm) and
an increase of MRI contrast related to the decrease in T1-mode relaxation of the surrounded water
molecules. They also proved the negligible cytotoxicity of those micelles in HeLa cells.

By covalently attaching the DPA ligand to the block copolymer, the micelle stability and the
lanthanide fluorescence drastically increase (Figure 1.7. f).[65] C3Ms formed using this strategy
have similar size, compared to the metal-to-ligand C3Ms discussed above, around 8 nm in core

radius and 10 nm in shell.
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Figure 1.7. Schematic representation of block copolymer a), dipicolinic acid bisligand b) and DPA-modified
block copolymer c). The coordination between dicationic metal ions (II) and dipicolinic acid ligands forms linear
structures that are negatively charged (2-). By adding the block copolymer, the coordination structure is
neutralized and micelles d) are formed. The coordination between lanthanide ions (III) and dipicolinic acid
ligands forms branched polymeric structures that are negatively charged (3-). By adding the block copolymer,
the coordination structure is neutralized and micelles e) are formed. Mixing the same lanthanide ions and the
dipicolinic acid-modified block copolymer in the correct ratio allows the formation of micelles as in f), with good

stability and luminescent properties.



1.5. DENDRIMCELLES

In 2014 Wang et al. reported an elegant approach to achieve new insight on the assembly of C3Ms,
on their aggregation number and their packing density, by encapsulating dendrimers into C3Ms.
Negatively-charged PAMAM dendrimers, of different generations, were mixed with neutral and
positively charged block copolymer, forming the so-called “dendrimicelles” (Figure 1.8.).[56] The
results show that the size and the structure of these micelles are independent of the generation of
the encapsulated dendrimer. The aggregation number varied from 100 to 1, by increasing the
dendrimer generation from 2 to 9. Interestingly, dendrimers of generation below 2 were not able to
form any dendrimicelles. This result suggested that there might be a minimum amount of charges
required for coacervation. This last hypothesis drove us into a deep study on the ability to finely

tune the number of charges, by implementing host-guest interactions into C3Ms (Chapter 2).
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Figure 1.8. Schematic representation of dendrimicelles, plotted as dendrimer generation against positive
charge fraction. (f+) Below the second generation, dendrimers are not able to form any dendrimicelle structure.
Dendrimers of generation 9 to 2 form dendrimicelles with increasing aggregation number (from 1 to 100), at
neutral stoichiometric charge. Outside the neutralization stoichiometry, different kind of structures are formed,
such as rod like. This figure was taken from Wang, J., et al. (2014). "Controlling the number of dendrimers in

dendrimicelle nanoconjugates from 1 to more than 100.” Soft Matter 10(37): 7337-7345.



A similar approach to the previous one, called “box-in a-box”, was developed by ten Hove et al., to
study micellar dynamics and the encapsulation capacity.[57-59] Gold nanoparticles were, firstly,
formed inside dendrimers and, secondly, the complex was encapsulated in micelles (AuDENSs). This
approach allowed a direct counting of the gold nanoparticles and of the dendrimers encapsulated
inside the micelles, thanks to the high contrast at the Cryo-TEM. The number of AuDENs per
micelle was determined around 23 + 7, for G7-based PAMAM. When mixing 50% of empty G7-
dendrimers with 50% of fully encapsulated AuDENSs, no dynamic exchange was visible in a month-

time scale (Figure 1.9.).

Figure 1.9. Representation of “box in a box” structure: gold nanoparticles are synthetized inside dendrimers

and this complex is encapsulated inside micelles, by addition an oppositely charged block copolymer.



1.6. CYCLODEXTRIN-BASED COMPLEX COACERVATE CORE

MICELLES

In the previous sections, we described the self-assembly of Complex Coacervate Core Micelles based
on oppositely charged block copolymers. We emphasized the importance of controlling the number
of these charges in order to achieve a better understanding of their assembly and disassembly
behaviors. Indeed, by encapsulating dendrimers inside a micelle, we discovered that dendrimers of
low generations were not able to form any dendrimicelles and therefore, there might be a minimum
amount of charges required for coacervation. Besides all the new knowledge that dendrimers
brought, the possibility of tuning their charge is strictly limited by the dendrimer generation.[60]
Considering a conventional growth approach, every additional reaction yields to a dendrimer with
a doubled number of functional groups. According to this, the number of negative charges on the
PAMAM dendrimer scales with its generation (n) as 2n, until the starburst limit.

An alternative approach to dendrimers is to combine host-guest interactions inside the core of C3Ms
for tuning the charge per core-unit. By fixing the type of host and by varying the charge on the
guest, we could finely tune the charge of the core-unit, defined as the smallest unit needed for
coacervation. The design and the stability study of this new class of micelles, Cyclodextrin-based
Complex Coacervate Core Micelles or C4Ms, are extensively described in Chapter 2.

Several guests have been applied for supramolecular host-guest interactions, such as calixarenes,
cucurbiturils, cyclodextrins, etc.[61-63] Especially cyclodextrins have had a pivotal role in
supramolecular chemistry in the past 30 years and have been exploited in a wide range of
applications, such as food chemistry, catalysis, agriculture, cosmetics, medicine and
environment.[62] Cyclodextrins are starch-derived cyclic oligosaccharides, formed by multiple a-D-
glucopyranoside units in a ring linked by a-1,4-glycosidic bonds (Table 1.2.).[62] Cyclodextrins are
commonly represented as truncated cones, with a hydrophilic surface and a hydrophobic cavity.
Due to the hydrophobic cavity, cyclodextrins are able to host different poor water-soluble guests,
such as some anticancer agents (doxorubicin, camptothecin, paclitaxel, fluorouracil) and anti-

inflammatory drugs (indomethacin, dexamethasone, ibuprofen). Their insignificant toxicity and the



ability to improve solubility of guest molecules allowed cyclodextrin to be exploited in
pharmaceutical applications.[64]

Table 1.2. Properties of a, B, y cyclodextrins in terms of number of glucose units and cavity diameter.[62]

Cyclodextrin Ne of glucose units Cavity diameter (nm)
o 6 0.5
B 7 0.6
Y 8 0.8

The forces that influence the complexation between guest molecules and cyclodextrins are mainly
four: 1) hydrophobic, i1) van der Waals, iii) steric effects and iv) hydrogen bonding. The water
present inside the cavity does not affect the complexation.[62] Moreover, the association complex
is strongly enhanced by increasing the hydrophobicity of the guest. Usually the hydrophobic part
of the guest enters the cyclodextrin cavity and orients in such a way to maximize the interaction
between its hydrophobic part and the apolar cavity of the cyclodextrin. One of the most used guest
for B-cyclodextrin is adamantane, due to the medium-high association constant (105 M),
Interestingly, the affinity between hosts and guests can be enhanced by multivalency. Multivalency
refers usually to the interaction between multiple host receptors and multiple guest ligands,
resulting in the achieving of higher binding affinities, compared to monovalent functionalities.[65]
Multivalency plays an important role in many fundamental biological interactions, such as between
proteins, antibodies and viruses with cell membranes.[66] These interactions enhance dramatically
the ligand ability to bind to a specific target site, compared to weak monovalent binding. The
enhancement factor can be calculated as the ratio between the binding constant of a multivalent
system with a monovalent system.[65] The binding interaction of a divalent bisadamantane guest
on a cyclodextrin-covered surface can be two or three orders of magnitude higher than a mono
adamantane guest (Figure 1.10.).[67] Multivalency on surfaces, such as flat surfaces,[68]

nanoparticles surfaces,[69-71] or cell surfaces, [72] is usually more complicated to study than



multivalency in solution, due to the presence of additional parameters to take into account, such as
the orientation, the length and the flexibility of the spacer.[68, 73, 74] There are several techniques
to quantify multivalent interactions, such as fluorescence spectroscopy, total internal reflection
spectroscopy and microscopy, quartz crystal microbalance, isothermal titration calorimetry and
NMR spectroscopy.[65] Multivalent ligands have mainly two advantages, compared to monovalent
ones, namely 1) the programmability of the number of binding sites, the distance, the rigidity of the
linker and ii) the possibility to have hetero-multivalent systems, in which orthogonal binding sites
can allow self-sorting studies.[75] In this thesis, we apply the knowledge of surface multivalency to
the core of Cyclodextrin-based Complex Coacervate Core Micelles, by using different adamantane
bisligands (Chapter 2 and 3).

(a) HQ  OH HQ OH

Current Opinion in Chemical Bioloay
Figure 1.10. Representation of building blocks a) and a stepwise assembly of hetero-functional multivalent
binding site b). A surface is functionalized with beta cyclodextrins and biotin-modified bisadamantanes guest
are added to form multivalent interactions with multiple cyclodextrin hosts. Streptavidines interact with the
biotin-modified cyclodextrins and with the biotin-modified dye. The success of those complex hetero-functional
multivalen interactions result on a fluorescence signal. This figure was provided by Elsevier and Copyright
Clearance center with copyright permission. The figure was published by M. J. Ludden, M. Peter, D. N.

Reinhoudt and J. Huskens, Small, 2006, 2, 1192.



1.7. STIMULI-RESPONSIVE COMPLEX COACERVATE CORE

MICELLES

In the previous sections, we reported the ability of C3Ms to encapsulate different cargoes, such as
paclitaxel, tamoxifen, campthotecin, DNA, RNA, enzymes, etc, (Figure 1.11.).[18, 23, 28, 30, 39, 76-
84] However, the release of these drug from C3Ms, under well-controlled specific stimuli, is still a

challenge.

Complex Coacervate
Core Micelle(C3Ms)

charged cargos oppositely charged
block copolymer

S AVAVANS RO

v

protein /

)

Figure 1.11. Representation of coacervate micelles formed by the mixing a charged cargo, such as DNA or

protein with an ionic-neutral block copolymer.

An approach to design these specific stimuli-responsive micelles is to combine host-guest
interactions. Stimuli-responsive guests can undergo physical or chemical changes in response to
specific stimuli, favoring the micelle disassembly and, consequently, the cargo release. The most
studied stimuli-responsive host-guest couples are ferrocene-cyclodextrin for redox-responsive-
stimuli and azobenzene-cyclodextrin for light responsive-stimuli, Figure 1.12. and Table 1.3.[85-

89]



Table 1.3. Association constant values between a and f-cyclodextrin and some of the most common guests.

The brackets underline the ability to form a two to one host-guest complex.

Azobenzene Azobenzene
Host/Guest Adamantane Ferrocene Ferrocenium
trans cis
(2:1) (2:1) (2:1)
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Figure 1.12. Representation of a) f-cyclodextrin molecule and different guest molecules, such as b)

adamantane, c) ferrocene and d) azobenzene.

Stimuli like (low) pH, reducing environment and high temperature are considered “internal

stimuli”, because they are based on intrinsic characteristics of tumor cells. While, stimuli like

solvent addition, light and ultrasound are examples of “external stimuli”, regulated by an “external

operator” in time and space.[90] Typically, intrinsic characteristics of tumor cells are 1) acidic

environment (around pH 6.5-7.2), 11) high concentration of glutathione (GSH)[91] and iii) higher

temperature [19]. Therefore, designing C3Ms able to disassemble upon acid pH, high GSH

concentration and high temperature could be advantageous.[92]



i) pH
Due to the acidic environment of cancer tissues, pH-responsive micelles can dissociated at low
pH.[93-95] Micelles based on doxorubicin (DOX) and squaraine (SQ) were designed to be responsive
to low pH, for photoacoustic imaging and drug delivery (Figure 1.13.). The micelle dissociation was

proven by the dramatic decrease in fluorescence intensity of squaraine molecules.[96]
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Figure 1.13. Assembly of polymer-based micelles encapsulated with DOX and sqaraine molecules. Micelles
dissociate under acidic pH and, consequently, SQ and DOX get released. This figure was adjusted from Duan,
Z., et al. (2014). "A photoacoustic approach for monitoring the drug release of pH-sensitive poly(S-amino

ester)s.” J. Mater. Chem. B 2(37): 6271-6282.

ii) Redox

Due to the high concentration of GSH in cancer tissues, the development of disulfide-based micelles
could promote a precise, controlled and local drug release.[97, 98] Micelles based on DOX and p53
tumor suppressor show their efficacy in suppressing the tumor by disassembly and releasing DOX
upon reducing environment exposure.[99, 100] Dong et al. designed coacervate micelles based on
disulfide linkages between PEG and P[Asp(DET)] segments (PEGSS-P[Asp(DET)]).[101] Upon the
addition of 10 mM of dithiothreitol (DTT) reducing agent, the PEG polymer detached from the
micellar core due to the disulfide cleavage, releasing DNA molecules. Results suggested that the

PEGSS-P[Asp(DET)] micelles could be applied as a non-viral DNA-gene vector, based on their high



transfection, regulated response and minimal cytotoxicity. Also Li et al. designed redox-responsive
micelles able to release DOX under specific stimuli.[97] These micelles were based on
polyhydroxylamine polymer containing a redox-sensitive disulfide bond, and a tertiary amine with
high buffer capacity in certain pH ranges. DTT triggered the cleavage of the polymeric micelles,
leading to the DOX drug release in time. Another approach, to design redox responsive micelles, is
to form crosslinked cleavable disulfide bonds on the polymeric shell (Figure 1.14.). Zheng et al.
designed crosslinked micelles, based on thiolate polypeptides and siRNA molecules.[102] Upon the
addition of GSH reducing agent, the disulfide crosslinks were cleaved and the siRNA was released
in the intracellular environment, without compromising their helical structure. The results
suggested that disulfide crosslinked micelles can be promising for siRNA cargo release.[102, 103]
In Chapter 3, AdSSAd-based C4Ms are introduced. DTT is used to cleave disulfide bonds and
trigger the micellar disassembly. The micellar re-assembly was dependent on the time and the DTT

concentration.

Wsjﬁm self-assembly +DTT

PIC
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Figure 1.14. Schematic illustration of the preparation of PEG-detachable PIC micelle. Upon addition of

reducing agent DTT, a morphology transition occurred.
iii) Temperature

Because of the relatively high temperature of cancer tissues, temperature-responsive micelles can
be engineered for hyperthermia applications.[104-107] The change in hydrophobicity/hydrophilicity
balance in micelles, due to the high temperature, can cause the micelle to dissociate and release
the cargo. [108] One type of thermo-responsive polymeric micelles was introduced into a C6-glioma

rat model and showed a drastic tumor inhibition of 83%, without showing toxicity. This type of



micelle is based on DOX encapsulated poly-N-isopropylacrylamide (PNIPAAm) polymers,

responsive to temperatures ranging from 30-39°C (Figure 1.15.).[18, 109]
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Figure 1.15. Schematic representation of thermally reversible alginate-g-PNIPAAm micelle formation. Above
a Lower Critical Solution Temperature (LCST) PNIPAAm polymers can form micelles and encapsulate DOX

molecules.
iv) Light

Light is considered the ideal stimulus, due to 1) its non-invasive nature (Near infrared light- NIR
especially), i1) the possibility to remotely control it and 1ii) the high spatio-temporal resolution.[110]
Molecules such as azobenzene, pyrene and nitrobenzyl groups are the most commonly used for light
responsive molecules. Upon UV-light exposure, those molecules undergo photochemical changes
such as photoisomerization, photodimerization or photocleavage, with subsequent disruption of the
micelle and release of the cargo.[111-116]

However, NIR light is considered one of the safest wavelength and can penetrate up to 1 cm,
without significant damage.[117] Light stimulus is highly versatile and controllable, by varying
wavelength, intensity, spot size, exposure time and surface spot-size.[118] Wang et al. reported a
surfactant based on an azobenzene molecule. The surfactant was able to assemble in a micellar
form under normal conditions.[119] The addition of cyclodextrin caused the disassembly of the

micelle. Upon UV-light, the azobenzene molecules were rearranged outside the cyclodextrin cavity



and re-triggered the micelle formation again (Figure 1.16.). The formation and light-response of

azobenzene-based C4Ms are discussed in chapter 5.
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Figure 1.16. Top: Chemical representation of the reversible isomerization from trans to cis of azobenzene, under
UV and Vis light. Bottom: Representation of photocontrolled assembly and disassembly of azobenzene-based
polymeric micelles. The addition of cyclodextrin to the polymer favors the dissociation of the micelle. Upon UV

light excitation, the azobenzene is isomerized to its cis form and triggers the re-formation of the micelle.



1.8. MOTIVATION, AIM AND OUTLINE OF THIS RESEARCH

The aim of this thesis was to achieve new insight in the assembly and disassembly, encapsulation
and release ability of Complex Coacervate Core Micelles, by given specific stimuli. Host-guest
interactions were implemented in the core of Complex Coacervate Core Micelles, forming a new
class of micelles: Cyclodextrin-based Complex Coacervate Core Micelles or C4Ms, to determine the
minimum number of charges per core-unit, required for coacervation. In addition, by adding a
responsive guest and by finely tuning the charge, C4Ms can respond in a dynamic way to specific
stimuli. Preliminary studies show that C4Ms are able to encapsulate and release a dye, upon

reducing agent treatment. Such micelles might be promising for future biomedical applications.

In chapter 2, we explore the formation of a new class of Complex Coacervate Core Micelles, called
Cyclodextrin-based Complex Coacervate Core Micelles, or C4Ms. This chapter consists of the
fundamental investigation of the C4Ms assembly, by finely tuning the core charges. C4Ms stability
against salt and dilution can be tuned by the addition of a guest bislinker, able to bridge monomeric

core-units into strong polymeric networks.

In chapter 3, we present redox-responsive C4Ms, based on the knowledge acquired in chapter 2.
Ad-SS-Ad-based C4Ms are designed with a cleavable disulfide bond in the core. Upon the addition
of DTT reducing agent, micelles are able to reversibly (dis-)assemble. The rate of re-assembly can
be controlled by the DTT concentration and by changing the ratio between responsive and non-
responsive bislinker. C4Ms have shown the ability to encapsulate and release methyl red dye under

controlled redox stimuli.



In chapter 4, H2Oz-responsive C4Ms are described, based on the knowledge acquired in chapter 2
and chapter 3. Ferrocene-based C4Ms are designed to respond to H202 oxidation. By simply
changing the europium/ligand ratio, we can tune the core structure from monomeric to oligomeric
and, consequently, the oxidant response. The stability of these micelles against H202 oxidation can
be adjusted in three ways: i) by changing the core-unit from monomeric to oligomeric, ii) by varying

the oxidant concentration and iii) by adding a non-responsive guest bislinker.

In chapter 5, we discuss the challenges related to light-responsive C4Ms. Azobenzene molecules
are exploited as a light sensitive switch inside C4Ms. In this case, the knowledge on the charge,
acquired in chapter 2 and 3, was essential to weaken Azo-based C4Ms structure and favor the

micellar disassembly under light stimuli.

Chapter 6 summarizes the most important findings of each chapter. Based on these findings, we
place our research in prospective and discuss the current challenges and future applications.
Additional insight on the ability to control and tune the assembly and disassembly behavior of

C4Ms need to be acquired in order to apply these micelles in biomedical field.

Table 1.4. summarizes all the newly synthesized host-guest molecules mentioned throughout the
entire thesis and used to develop stimuli-responsive C4Ms. The last figure of this introduction

represents an outlook of the projects mentioned in this PhD thesis.



Table 1.4. List of newly synthesized compounds discussed throughout this thesis.
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CHAPTER 2

Cyclodextrin-based Complex Coacervate Core
Micelles




ABSTRACT

Micelles have been recognized as versatile platforms for different biomedical applications, from
bioimaging to drug delivery. Complex coacervate core micelles present great advantages compared
to traditional micelles, however controlling the number of charges per core-unit and the stability is
still a challenge. We here present cyclodextrin-based complex coacervate core micelles where the
charge per core-unit can be tuned in a straightforward way by cyclodextrin host-guest interactions.
By varying the ratio between two adamantane guest molecules, 1-adamantanecarboxylic acid and
1,3-adamantanediacetic acid, the charge of the monomeric core-units can be finely tuned from 6- to
9-. By adding an adamantane bislinker, monomeric core-units can be combined into dimeric and
polymeric structures, increasing the micelles’ stability. The orthogonal supramolecular host-guest
and coordination-chemistry allows for well-controlled cyclodextrin-based complex coacervate core

micelles that offer a versatile platform for designing future, e.g., responsive, systems.

This chapter has been adjusted from the published form: Camilla Facciotti, Vittorio Saggiomo, Anton
Bunschoten, Remco Fokkink, Jan Bart ten Hove, Junyou Wang and Aldrik H. Velders (2018). "Cyclodextrin-
based complex coacervate core micelles with tuneable supramolecular host-guest, metal-to-ligand and charge

interactions." Soft Matter 14(47): 9542-9549.



2.1. INTRODUCTION

Micelles provide versatile platforms in adaptive and responsive materials, e.g., for drug delivery,
due to the core being capable of solubilizing and incorporating drugs.[1] In the last two decades,
there has been a growing interest in Complex Coacervate Core Micelles (C3Ms), which are formed
by the electrostatically driven self-assembly of oppositely charged (block co)polymers.[2, 3]
Fundamental advantages of C3Ms, compared to, e.g., surfactant micelles, are (i) the high stability,
(1) the relatively hydrophilic core, (ii1) the possibility to assemble with almost any charged
molecules and (iv) the prolonged circulation in the bloodstream.[4-10] Despite all the advantages
and applications of C3Ms, controlling the number of charges of the building blocks and the stability
is still a challenge. The first C3Ms, described by Harada and Kataoka, were formed by a rough
assembly of oppositely charged polymers, without a precise control on the charge.[11] In further
studies Cohen Stuart and coworkers achieved a higher charge control of micelle formation,
compared to the polyion micelles, by using coordination chemistry. The coordination between
dipicolinic acid molecules and di-cationic transition-metal ions formed negatively-charged
coordination polymers in the core,[12] neutralized by a positively-charged and neutral block
copolymer (PMVP-PEO), forming metal-to-ligand based C3Ms.[13, 14] By substituting first-row
transition metal ions with lanthanide(III) ions, the core coordination polymers change from linear
to branched and become more stable.[12, 14] By changing the ratio between different lanthanides
in the coordination core, for example Eu/Gd, different properties, such as luminescent and magnetic
properties, could be simply introduced.[15]

In recent studies, a better understanding of C3Ms formation and stability was achieved by using
different generations of PAMAM dendrimers, which bear a well-defined number of charges. By
adding the positively charged-neutral block copolymer (PMVP-b-PEO) several negatively-charged
PAMAM dendrimers were encapsulated, forming the so-called dendrimicelles. Each negatively
charged PAMAM dendrimer was considered a monomeric core-unit and below a critical number of
charges per monomeric core-unit (i.e., 8,) no dendrimicelle could be formed. This suggested that
(dendri)micelle formation depends on the number of charges per monomeric-unit in the core and

that micelle stability increases with an increase in number of charges per-core unit.[16] A further



understanding of the formation and stability of C3Ms was achieved by including nanoparticles
(NP), inside dendrimers, inside micelles, with a so-called box-in-a-box structure.[17-19]

In this chapter, we present a new class of coacervate-core micelles (see scheme 2.1), called
Cyclodextrin-based Complex Coacervate Core Micelles (C4Ms), in which the cyclodextrin is
covalently tethered to a dipicolinic acid (CD-DPA) unit that can coordinate to metal ions. C4Ms
offer the possibility of easy and fine tuning of the charge of the core-unit and the stability of the
micelles via orthogonal supramolecular interactions. This possibility allows us to gain insight and
control on the lower limit of charge-per-core-unit required for coacervation.

The cyclodextrin/adamantane host-guest pair was selected for its well-known high association
constant in water, around 104 M-1.[20-22] By varying the ratio between the two adamantane guest
molecules, 1-adamantanecarboxylic acid (mono-acid, Ad-ma) and 1,3-adamantanediacetic acid (bis-
acid, Ad-ba), the charge of the Eu-CD-DPA complex can be tuned from 6- to 9-. By adding Ad-ma to
the coordination structure, the monomeric unit® was formed with the lowest charge per core-unit.
By adding Ad-ba to the coordination structure, the monomeric unit® was formed with the highest
charge per core-unit. Intermediate charge per core-unit, such as monomeric unit’, monomeric
unit”5, monomeric unit® were formed by adding Ad-ma and Ad-ba in 2:1, 1:1, 1:2 Ad-ma/Ad-ba
ratios (scheme 2.1). The charge per core-unit is a statistic average value, based on the stoichiometric
addition of different ratio between Ad-ma and Ad-ba.

C4Ms based on monomeric Eu(IIl)-complex core-units with charged adamantane guest molecules
can be formed by adding a positive-neutral block copolymer P2MVP12s-b-PEQu477. The stability of
the C4Ms can be further adjusted by adding a double-guest bridging linker molecule. By adding
this bislinker, monomeric core-units can be combined in dimeric and polymeric structures, which
results in an overall higher charge-per-core-unit. By increasing the bislinker concentration, the
micelle stability increases. In this chapter, we present a new class of versatile micelles, C4Ms, in
which the orthogonal supramolecular interactions allow for a systematic investigation of the

tuneable charge and micelle stability.
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Scheme 2.1. Schematic illustration and molecular structures of core-units used for the formation of C4Ms. One

europium ion is coordinated by three SCD —DPA molecules, forming the coordination-complex. By adding three

adamantane molecules to the coordination complex, the core-unit is formed. By varying the ratio between the

two adamantane guest

molecules,

I-adamantane carboxylic acid (mono-acid, Ad-ma) and 1,3-

adamantanediacetic acid (bis-acid, Ad-ba), the charge can be tuned from 6- to 9- (X= 6-, 7-, 7.5-, 8-, 9-). By

adding the block polymer PMVPi2s.b-PEQO477 C4Ms are formed.



2.2. EXPERIMENTAL SECTION

Materials and methods, synthesis and micelle preparations are described in the following sections.

2.2.1. MATERIALS AND METHODS

Europium nitrate (Eu(NOs3)3.5H20), 1,3-adamantanediacetic acid, 1-adamantanecarboxylic acid, di-
isopropylethylamine (DIPEA), amantadine HCI, propargyl bromide, and tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA) were purchased from Sigma Aldrich and used without further
purification. Boc-Glu-OH and (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP) were purchased from TCI and used without further purification. B-
cyclodextrin monoazide was purchased from Cyclodextrin-Shop and used without further
purification. All stock solutions were kept at pH 7. The block copolymer, poly(N-methyl-2-vinyl-
pyridinium iodide)-b-poly(ethyleneoxide) (P2MVP12s-b-PEQ477), was obtained by quaternization of
poly(2-vinylpyridine)-b-poly(ethylene oxide) (PVPi2s.-b-PEQ477) (Polymer Source, Mw/Mn=1.03,
Mw= 13.3 k) following a procedure described elsewhere. The degree of quaternization was 90%, as
determined by DLS titration.[23]

All NMR measurements were carried out at 298 K on a Bruker Avance III 400 MHz, 500 MHz, or
600 MHz NMR spectrometer. Assignments were aided by COSY, HSQC, NOESY, ROESY and
HMBC experiments. All mass spectra were acquired using ES ionization on a Thermo Finnigan
LXQ Exactive Mass Spectrometer. Light scattering measurements (dynamic) and zeta potential
measurements were carried out on a Malvern NanoSizer ZS, at 173 degree angle, equipped with an
argon-helium laser, operating at 632.8 nm at 25°C. Multiangle measurements were performed on
an ALV light scattering setup operating with a Cobalt Flamenco 300 mW DPSS laser at 660 nm
operated at 100 mW. Titrations were carried out using the Malvern NanoSizer ZS DLS and adding
stock solutions stepwise to a 0.5 mL sample volume. All samples were measured at 25°C. UV-vis
measurements were carried out on a Hitachi U-2010 Spectrophotometer using quartz cuvettes of 1
cm path length. Fluorescence spectroscopy measurements were carried out on an Agilent Cary
Eclipse Fluorescence Spectrophotometer using quartz cuvettes of 1 cm path length, excitation and

emission slits were set at 5 nm. Sonication was carried out in the sonication bath Fisherbrand



FB15053. Silica columns were prepared with silica of 40-63 pm, 60 A from Screening Devices BV.
Reversed silica phase columns were prepared with C18 functionalized irregular silica of 40-63 um
60 A. For Cryo-TEM, samples were cast on copper grids (400 mesh - 150 pm average hole size,
Holey carbon) from Electron Microscopy Sciences (EMS, Hatfield, PA, USA). After blotting, samples
were plunged into liquid ethane by using Vitrobot Mark IV instrument. Grids were then transferred

to a JEOL 1400 PLUS TEM operating at 120 kV.

2.2.2. SYNTHESIS

The synthesis of diethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate (2), pyridine-2,6-
dicarboxylate-modified B-cyclodextrin (5) and 1,5-bis(((3s,5s,7s)-adamantan-1-yl)amino)-1,5-
dioxopentan-2-aminium (9) are described in the following section. The NMR and ROESY spectra

can be found in the Supporting information section, Figure S2.1-S2.4.

SYNTHESIS OF DIETHYL 4-(PROP-2-YN-1-YLOXY)PYRIDINE-2,6-
DICARBOXYLATE (2)

Compound 1, diethyl 4-hydroxypyridine-2,6-dicarboxylate, was prepared by protecting chelidamic
acid following a standard procedure described in literature.[24, 25] Compound 2, diethyl 4-(prop-2-
yn-1-yloxy)pyridine-2,6-dicarboxylate, was prepared following the procedure described in the next
section.

Butanone (40 mL) was dried overnight using molecular sieves (4 A). K2COs3 (2.0 g, 14.5 mmol),
compound 1 (0.5 g, 2.0 mmol), and propargyl bromide (2 mL, 22.0 mmol) were added to the dry
butanone. The reaction mixture was heated at 80 °C to reflux temperature, was refluxed for one
night and was monitored with TLC. The reaction was cooled to RT and concentrated in vacuo. The
residue was dissolved in DCM (50 mL) and extracted twice with water (50 mL) and once with brine.
The organic phase was concentrated in vacuo and the product (2) was purified using a silica
chromatography column (cyclohexane : ethylacetate from 2:1 to 1:2, as eluent). Yield 0.5 g (94%).
1H NMR spectrum (400 MHz, CDCls) 6 [ppm]: 7.87 (s, 2H, CH-Py), 4.87 (s, 2H, CH2C= CH), 4.47

(q, J=7.2 Hz, 4H, CHz CHs), 2.62 (s, 1H, C= CH), 1.44 (t, J=7.2 Hz, 6H, CHs).



13C NMR spectrum (100 MHz, CDCls), 6 [ppm]: 165.48 (-C=0), 164.57 (C-Py), 150.34 (2,6-C-Py),
114.61 (3,5 CH-Py), 77.32 (-C= CH), 76.27 (-C= CH), 62.43 ( CH2CHs), 56.34 (-CH2C= CH), 14.18

(CHs).

Calculated monoisotopic mass ([M+H]* and [M+Na]*) for 2, M= C14H15NOs, is 278.10 and 300.08.

The experimental mass is 278.10 and 300.08.
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Scheme 2.2. Reaction scheme of the diethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate synthesis.

SYNTHESIS OF PYRIDINE-2,6-DICARBOXYLATE-MODIFIED B-
CYCLODEXTRIN (5)

Compound 5, pyridine-2,6-dicarboxylate-modified B-cyclodextrin, was prepared by adjusting the
procedure in ref [26]. The synthesis was adjusted by using THF and water instead of MeOH, by
leaving the reaction overnight instead of 10-30 min and by using Cul as copper catalyst.

THF and water were purged with nitrogen for two hours. B-cyclodextrin monoazide (3) (200 mg,
0.16 mmol) was mixed in a 100 mL round bottom flask with water (20 mL) and THF (10 mL). To
this flask, 2 (80 mg, 0.28 mmol), TBTA (6 mg, 0.01 mmol) and Cul (38 mg, 0.20 mmol) were added.
The reaction was left stirring under Nz-atmosphere at RT overnight and the reaction was monitored
with TLC. The volume of the reaction mixture was reduced to 5 mL, by concentrating it in vacuo.
The crude reaction mixture was added directly to a reversed phase C18-silica column (water:
methanol from 2:1 to 1:1). This yielded 167 mg of 4.

The deprotection of 4 was performed by dissolving it (167.0 mg, 0.12 mmol) and K2COs (83.5 mg,
1.20 mmol) in water (20 mL). The reaction was heated to 70°C and left stirring overnight. After
concentration in vacuo, the product (5) was purified by dialysis (MW cut-off 500-1000 KDa) over

three days, replacing the water twice a day. Water was evaporated. Yield 153 mg (55%).



1H NMR spectrum (400 MHz, D20), 6 [ppm]: 8.21 (s, 1H, CH triaz.), 7.61 (s, 2H, CH pyr), 5.41 (s,
2H, pyr O-CHa), 5.13 (d, J=3.6 Hz, 1H, Hr»), 5.05 (m, 5H, H1), 5.03 (s, 1H, 1Hes), 4.98-4.94 (m, 1H,
Hy), 4.64 (m, 1H, Heyg), 4.21 (t, JJ=10 Hz, 1H, H), 4.04-3.89 (m, 7H, Hs), 3.89-3.78 (m, 18H, He

Hs), 3.65-3.41 (m, 14H, H2 H4), 3.14 (d, JJ=12 Hz, 1H, Heo 1), 2.74 (d, JJ= 12 Hz, 1H, Heo g).

13C NMR spectrum (150 MHz, D20), & [ppm]: 172.46 (C=0), 165.98 (C-O pyr.), 1565.04 (C C=0),
142.37 (C triaz.), 127.21 (C-H triaz.), 111.6 (CH pyr), 101.88 (1C”, 1C), 101.34 (1C’), 83.07 (4C),

80.79-81.28 (4C), 80.62 (4C”), 73.06-71.48 (2C, 3C, 5C), 70.40 (5C) 60.81 (6C) 51.29 (6C").

Calculated monoisotopic mass ([M-2H]2) for 5, M=Cs2H76N4Os39, is 689.20. The experimental mass

is 689.17.
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Scheme 2.3. Reaction scheme of the pyridine-2,6-dicarboxylate-modified f-cyclodextrin synthesis.



SYNTHESIS OF 1,5-BIS(((3S,5S,7S)-ADAMANTAN-1-YL)AMINO)-
1,5-DIOXOPENTAN-2-AMINIUM (9)

Boc-Glu-OH (6) (2.17 g, 10 mmol) was dissolved in DMF (25.0 mL). BOP (11.30 g, 25 mmol) was
added. Amantadine HCI (7) (4.55 g, 24 mmol) and DIPEA (10.5 mL, 61 mmol) were dissolved in
DMF (25.0 mL) and was added to the Boc-Glu-OH solution. This reaction mixture was stirred at
RT for three days. The reaction mixture was concentrated in vacuo and the residue was dissolved
in ethyl acetate (200.0 mL). The organic phase was extracted with subsequently water, 0.2 M
KHSO4, water, 5% NaHCOs, water and brine. After drying with Na2SO4 the organic phase was
concentrated in vacuo. The product (8) was purified by a silica column (cyclohexane: ethyl acetate
4:1) resulting in 1.70 g (33 %) product as a clear oil.

Compound 8 was dissolved in 10 mL TFA:H20 (95/5) and stirred for 3 h. After thorough
concentration in vacuo the product (9) was purified by silica column (DCM:MeOH 95:5 as eluent)

resulting in 720 mg (41%) product as a white solid.

1H NMR spectrum (400 MHz, DMSO), & [ppm]: 8.09 (s, J , 3H, NH3), 7.91 (s, 1H, Ca C=0 NH), 7.48
(s, 1H Cg C=0 NH), 3.66 (m,1H, CaH), 2.14 (m, 2H, CgH32), 2.02 (m, 4H, Ca C=0 Ad NH-C-CH-CHz-
CH-), 1.99 (m, 4H, Cg C=0 Ad NH-C-CH-CH32-CH-), 1.95 (m, 6H, Ca C=0 Ad NH-C-CH2-CH2-CHz),
1.91 (m, 6H, Cg C=0 Ad NH-C-CH2-CH2-CHz2), 1.84 (m, 2H, C6Hz2), 1.63 (m, 5H, Ca C=0 Ad NH-C-

CH2-CH-CHzy), 1.60 (m, 5H, C8 C=0 Ad NH-C-CH:-CH-CH3).

13C NMR spectrum (100 MHz, DMSO), & [ppm]: 170.55 (Cg C=0), 167.12 (Ca C=0), 52.09 (Ca), 51.39
(Ca C=0 C), 50.08 (Cg C=0 Ad C), 40.92 (Cg C=0 Ad C-CHy), 39.49 (Ca C=0 Ad C-CHy), 36.00 (Cg
C=0 Ad C-CH:-CH-CH3), 35.82 (Ca C=0 Ad C-CH2-CH-CH3), 31.32 (Cg), 28.72 (Cg C=0 Ad C-CHa-

CH), 28.34 (Ca C=0 Ad C-CHz-CH).

Calculated monoisotopic mass ([M+H]*) for 9, M=Cs25H39N30s2, is 414.33. The experimental mass is

414.50.
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Scheme 2.4. Reaction scheme of the 1,5-bis(((3s,5s,7s)-adamantan-1-yl)amino)-1,5-dioxopentan-2-aminium

(Ad-Glu-Ad) synthesis.

2.2.3. MICELLE PREPARATION

Stock solutions of europium nitrate (5 mM), PaMVPi2s-b-PEO477 (10 mM charges), BCD-DPA (5
mM), adamantane mono-acid (1 mM), adamantane bis-acid (1 mM) and bis-adamantane (1 mM)
were prepared by dissolving the powders into ultrapure water and adjusting the solutions to pH 7.
Micelles were prepared under sonication at room temperature in a final volume of 0.5 mL.

Micelle preparation consists of three steps (Scheme 2.1.). First, the coordination complex between
Eu3t and DPA was formed by adding europium ions at a final concentration of 0.2 mM. BCD-DPA
was added in a 3:1 ratio of BCD-DPA/Eu. Second, the core-unit was formed by adding adamantane
guest molecules to the coordination structure, in a 1:1 ratio Ad/BCD-DPA. The core-unité- was
formed by adding Ad-ma to the coordination structure at a molar ratio of 3:1 Ad-ma/Eu. The

monomeric unit® was formed by adding Ad-ba to the coordination structure at a molar ratio of 3:1



Ad-ba/Eu. The intermediately-charged core-unit”™, core-unit?5-, core-unit®- were formed by adding
Ad-ma and Ad-ba to 1in 2:1, 1:1, 1:2 Ad-ma/Ad-ba ratios (total adamantane concentration was kept
at 1:1 Ad/ BCD-DPA). Third, the block copolymer P2MVPi2s-b-PEQ477 was first sonicated for 10
minutes and then added in the correct amount to neutralize the negative core charges. After the
addition of all compounds, the samples were left to equilibrate for 10 min.

C4Ms based on a mix of monomeric core-unité- and dimeric units, called (C4Ms 6*) were formed by
adding 90% Ad-ma and 5% of NH:-Glu(Ad)-Ad compound 9, in respect to the BCD-DPA
concentration, to the europium complex and the block copolymer.

C4Ms based on polymeric core-units were formed by adding bislinker to the coordination structure
at a molar ratio of 3:1 of Ad/Eu and corresponding amount of the block copolymer. During all
experiments, the concentration of the components was fixed above the CMC to prevent the

equilibrium from shifting from micelles towards monomers (Figure S2.6.).



2.3. RESULTS AND DISCUSSION

First, the formation of micelles based on monomeric metal complexes is described, followed by a

discussion of the samples that contain bridging ligands connecting core-units.

2.3.1. TUNING SIZE AND STABILITY WITH MONOMERIC CORE-
UNITS

Scheme 2.1. shows the C4Ms formation in three steps. The starting point for the C4Ms’ formation
was the coordination complex between Eu3* and DPA. Formation of the coordination complex was
confirmed by fluorescence spectroscopy, exciting DPA results in Eu3* emission from 5Do to 7Fj,
confirming the antenna phenomenon and therefore the complex formation (Figure S2.5.).[27] The
sample presented an Eu3* lifetime of 1.5 ms, typical of a fully coordinated structure (data not
shown).[28]

The following step for the micelle formation was to form the core-unit by adding adamantane guest
molecules to the coordination complex. The charge of the core-unit was adjusted by varying the
ratio between the two adamantane species, 1-adamantanecarboxylic acid (mono-acid, Ad-ma) and
1,3-adamantanediacetic acid (bis-acid, Ad-ba). By adding Ad-ma to the coordination structure, the
core-unité was formed with the lowest charge per core-unit. By adding Ad-ba to the coordination
structure, the core-unit®- was formed with the highest charge per core-unit. Intermediate charge
per core-unit, such as core-unit?, core-unit?-5-, core-unit® were formed by adding Ad-ma and Ad-ba
in 2:1, 1:1, 1:2 Ad-ma/Ad-ba ratios. The host-guest interaction between adamantane and B
cyclodextrin is already well reported in literature.[20, 29] Notwithstanding, the core-unit formation
between cyclodextrin and adamantane molecules was confirmed by ROESY experiments (Figure
S2.4.).

The final step for micelle formation is the addition of the positive-neutral block copolymer
P2MVPi28-b-PEO477. The P2MVP128-b-PEO477 block copolymer was selected for its well-reported
properties as micelle counter polyion.[16, 30] C4Ms formation was confirmed by using Zeta-

potential and Dynamic Light Scattering (DLS). Upon the addition of block copolymer, all the



samples presented a Zeta-potential of -0.4 (SD 0.2) mV, confirming the neutralization of the core-
unit charges.

DLS results confirmed the formation of micelles for C4Ms based on the different core-units. Figure
2.1. shows that the hydrodynamic diameter was 45 (SD 6) nm for C4Ms based on core-unit charge
above 6. The core-unité- sample showed micellar aggregates with an apparent diameter of 100 nm,

higher compared to the spherical micelles formed with core-units?- 7.5 8- 9-,
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Figure 2.1. a) Hydrodynamic diameter distribution of C4Ms, based on different core-unit charges. By adding
the block copolymer to the core-unit? 7.5 8- 9~ stable micelles of 45 nm in hydrodynamic diameter were formed.
While by adding the block copolymer to the core-unit6- bigger micellar aggregates formed. b) Effect of pH on the
hydrodynamic diameter, at different C4Ms core-unit charges. C4Ms based on core-units- showed lower stability
at high pH, compared to higher charged core-units. (Samples prepared at pH 7, final europium concentration

is fixed at 0.2 mM).

More investigations were performed using Cryo-TEM and multi-angle DLS with a polarizer. In
Figure 2.2. a), cryo-TEM results reveal that core-units®- are monodisperse and spherical, as
expected. On the other hand, Figure 2.2. b) shows that core-units® micelles are not monodisperse
and present a mix of spherical and more elongated shaped aggregates compared to the core-units®
micelles. By introducing a 90 degree polarizer between the sample and the DLS detector, the
vertical oriented light was rotated by micelles based on core-unitsé-. The polarization ratio of core-
unitsé micelles was calculated around 0.21, confirming their stretched shape, whereas core-units®-
have the typical depolarization ratio for spherical particles, around 0.01.[30]

The Critical Micelle Concentration (CMC) was determined by titrating water to the core-unit? 7.5~
8- 9- C4Ms, using DLS. The CMC was found around 40 pM Eu3* ions for all core-unit C4Ms (Figure

S2.6.).



Figure 2.2. Size and shape characterization at Cryo-TEM of C4Ms based on the core-unit charged (a) and
C4Ms based on the core-unit charges (b). The highest core-unit charge C4Ms revealed homogeneously

distributed spherical micelles, while the lowest core-unit charge C4Ms showed elongated micelles.

A complete study on C4Ms’ stability was performed by investigating them at different times, pH,
salt and competitor concentrations. The size and the intensity of C4Ms were monitored over 36 h
by using DLS. The size and the intensity of C4Ms based on core-unit? 7:5- 8- 9- were stable up to 36
h (Figure S2.7. and S2.8.). On the other hand, Figure S2.7. and S2.8. show an increase in size and
in intensity for core-unit®. The C4Ms’ stability was investigated at different pH values. As shown
in Figure 2.1. b), C4Ms based on core-unit?- 7-5- & 9- were stable at basic pH, but they started to
dissociate below pH 6. This effect can be related to the protonation of carboxylic acid groups on the
adamantanes, as it would result in monomeric europium(IIT)-DPA coordination complexes with a
net charge of 3-, too low to allow micelle formation.[14, 31] Core-unité- was not following the same
stable trend and showed high scattered intensity and high size above pH 6.

The C4Ms’ stability was also investigated against salt and competing free BCD. By adding salt, or
ionic strength, to the C4Ms we expect to screen the charges and, therefore, destabilize the complex.
Figure S2.9. shows a positive trend between salt stability and the core-unit charges. By increasing
the core-unit charge, the charge stability against salt increased. The Critical Salt Concentration
(CSC), the point at which micelles start to dissociate, was determined by adding NaCl to micelles
based on the core-unit6- 7- 7:5-8- 9- C4Ms dissociated completely at 40 mM of NaCl (Figure 2.3. a) and
S9.). The intensity and hydrodynamic diameter of core-unit® C4Ms showed a high peak at around

30 mM NaCl, representing the micellar shape transition from sphere to rod like.[13, 30] Addition



of ionic strength screens the charge interactions between core-units and block copolymers, thus
weakening the driving force for micellar formation. The addition of ionic strength might also
enhance the hydrophobic association between the adamantane guest and the cyclodextrin host; the
latter, however, does not negatively affect the micelle formation.[32] We expect to destabilize C4Ms
not only by changing the ionic strength, but also by adding a supramolecular host competitor. BCD
competes with the BCD-DPA in the core for hosting adamantane molecules, thereby they destabilize
the core of the micelle. Figure 2.3. b) and Figure S2.10 represent the stability of C4MS against free
competing BCD. The same figure shows a positive trend between stability against BCD and core-
unit charges. Core-unit? C4Ms remained stable upon addition of seven equivalents (5 mM) of BCD
compared to BCD-DPA ligand. On the other hand, core-unité- showed the lowest stability against

salt and competing BCD (9 mM and 2 mM respectively).
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Figure 2.3. Salt stability a) and competing free cyclodextrin b) at different core-unit charges. The salt stability
and the free-cyclodextrin stability were calculated as the maximum salt and CD concentrations that C4Ms can
tolerate, before the DLS intensity and the size decrease. (Micelles were prepared at pH 7, and the final europium

concentration was fixed at 0.2 mM.)

The results showed that 6 negative charges per core-unit were not enough to form spherical,
monodisperse and stable C4Ms. Therefore, we consider seven negative charges to be the lowest
limit of core-unit charge required for proper coacervation of well-defined micelles. Based on these
findings, we further exploited the supramolecular interactions to alter the size and the stability of

core-unité- samples.



2.3.2. TUNING SIZE AND STABILITY OF CORE-UNIT WITH
BRIDGING LIGANDS
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Scheme 2.5. Schematic illustration of C4Ms formation, based on Ad-Glu-Ad bislinker. a) By adding 90% of
Ad-ma and 10% of Ad-Glu-Ad bislinker to the coordination complex, dimers can form inside the core. By adding
the block polymer to the core dimers, C4Ms 6-* can form. b) By adding Ad-Glu-Ad bislinker to the core-unit,
polymeric network can form inside the core. By adding the block polymer to the core dimers, Ad-Glu-Ad bislinker

based C4Ms can form.

To increase the stability of C4Ms, a supramolecular linker was designed to create crosslinks
between monomeric-units, increasing the net charge number per core-unit. The new guest
adamantane bislinker (Ad-Glu-Ad) was synthesized and characterized. We investigated the size
and the stability of C4Ms with the Ad-Glu-Ad bislinker, by using two different sample preparations.
The first method, called “titration”, consisted of preparing one C4Ms sample and titrating
increasing amounts of Ad-Glu-Ad bislinker into the just prepared C4Ms. The second method, called
“premixing”, consists of the preparation of several samples with increasing stoichiometric ratios
between Ad-Glu-Ad bislinker/Ad-ma, prepared before the addition of the block copolymer. A
substantial difference between the two methods is that in the titration method, we add an excess
of adamantanes to already supramolecularly saturated micelles. However, in the pre-mix a

stoichiometric addition of Ad-ma and Ad-Glu-Ad bislinker with respect to the cyclodextrin



concentration is added before block copolymer addition and micelle formation. A change in the
titration experiment would therefore moreover confirm the dynamic exchange behavior of the
C4Ms’ buildingbbocks between the core-unit and the environment.

By titrating the Ad-Glu-Ad to the core-unit® micellar aggregates, a decrease in the size and
intensity became visible already at the very first titration steps (0.03 mM Ad-Glu-Ad over 0.73 mM
Ad-ma, thus 4% of Ad-Glu-Ad with respect to Ad-ma, Figure S2.11.). By titrating 0.06 mM of Ad-
Glu-Ad (8% of Ad-Glu-Ad respect Ad-ma) to the core-unité, the formation of 59 (SD 5) nm micelles
was triggered. The size of those micelles remained constant with the addition of 0.35 mM Ad-Glu-
Ad (100% of Ad-Glu-Ad with respect to Ad-ma).

Figure S2.12. shows the effect of pre-mixing Ad-Glu-Ad and Ad-ma on the scattered intensity and
size. The results indicate that above 0.04 mM of Ad-Glu-Ad (5% of Ad-Glu-Ad with respect to 90%
Ad-ma), intensity and size came in the same range of core-unit® C4Ms. Above that value, core-unit6-
forms micelles similar in size to core-unit® C4Ms.

Based on the results in Figures S2.11. and S2.12., 5% Ad-Glu-Ad with respect to Ad-ma was chosen
as value to improve the stability of the core-unit. By adding Ad-Glu-Ad, we expect, statistically,
the formation of new core-unit dimers, defined here as “core-units™ (Scheme 2.5. a). Also, by taking
100% of Ad-Glu-Ad and no monomeric adamantane, a new core-unit based on polymeric structures

was formed, which was called “core-unit bislinker” (see Scheme 2.5. b).
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Figure 2.4. a) Hydrodynamic diameter distribution of monomeric-unit6- C4Ms, dimeric units-* C4Ms and
polymeric unit C4Ms based on the bislinker. Dimeric units-* C4Ms and polymeric unit form C4Ms of smaller
size compared to the monomeric-units- C4Ms. (Micelles are prepared at pH 7, final europium concentration is
fixed at 0.2 mM). b) Effect of pH on the hydrodynamic diameter, at different C4Ms core-unit charges, C4Ms6-*
, Ad-Glu_Ad C4Ms. C4Ms6-, Ad-Glu_Ad C4Ms shows stronger stability at high pH compared to monomeric-

units- C4Ms.

Core-unit®” was able to form C4Ms of 59 (SD 7) nm, with a low polydispersity index (PDI) and
stable in time (Figure 2.4.). The core-unitbislinker C4Ms showed a size similar to the core-unité-*,
around 60 (SD 7) nm in hydrodynamic diameter, which was stable in time. Micelles based on 100%
Ad-Glu-Ad can form even if the residual charge per coordination complex unit is low (1.5-). The
reason is due to the fact that the bislinker merges core-units together in polymeric and network
structures that crosslinks with each other though the block copolymer, similarly to the bis-DPA
lanthanide coordination polymers’ core micelles reported before.

The preparation of C4Ms with 5% of bislinker resulted immediately in more stable micelles against
pH changes, compared to micelles based on the core-unité-. Core-unit®*based C4Ms stability against
salt was comparable with the stability of core-unit”5- C4Ms. Those improvements in the stability of
the C4Ms, achieved by adding Ad-Glu-Ad, corroborate the formation of core-unit dimers in the
micelle. Interestingly, not all the 6- core-units need to be crosslinked to form micelles. The addition
of small amounts of bislinker (5% in respect to BCD-DPA concentration), that forms dimeric
structures with an overall charge of 9-, suffices.

By preparing micelles based on 100% of bislinker, the core-unitbislinker haged C4Ms were as stable

against pH as core-unit?- based C4Ms (Figure 2.4. b and S2.13.). The core-unitbislinker C4Ms stability



against salt and free BCD was at least double, respectively, four times higher in stability with
respect to the other C4Ms prepared with the mono-adamantanes (Figure S2.14.).

Combination of orthogonal supramolecular interactions such as cyclodextrin-adamantane host-
guest chemistry and lanthanide coordination chemistry has proven a successful strategy to gain
insight in complex surface-solute interface chemistry in which multivalency are of importance.[33,
34] The same set of interaction motifs here provides a toolbox to investigate the inside of complex
coacervate core micelles, in which the multivalent charge interactions between block copolymer and

oppositely-charged supramolecular metal complexes play a crucial role.

2.4. CONCLUSIONS

In conclusion, we successfully formed a new class of C3Ms, C4Ms, Cyclodextrin-based Complex
Coacervate Core Micelles, based on supramolecular host-guest and metal-to-ligand interactions.
We exploited the cyclodextrin-adamantane interaction to finely adjust the core-unit charge of the
C4Ms to consecutively investigate the size and the stability of the micelles. The lowest number of
charges per core-unit, core-unité, formed elongated, non-spherical micellar aggregates, around 100
nm in hydrodynamic diameter. These core-unit® based C4Ms aggregates were less stable against
salt and free CD, compared to the highest charged core-unit® based C4Ms. The results on
intermediate core-unit charges confirmed that stability increases by increasing the core-unit
charge. Moreover, by adding an Ad-Glu-Ad bislinker, the size and the stability of core-unit® C4Ms
were adjusted, by forming dimeric and polymeric core-units. We showed how to apply
supramolecular host-guest chemistry to finely tune charges, size and stability of the important class
of coacervate core micelles. A well-controlled cyclodextrin-based complex coacervate core micelle

could offer a versatile platform for future responsive systems.(Chapter 2-5)
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SUPPLEMENTARY INFORMATION
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Figure S2.1..H-NMR spectrum of diethyl 4-(prop-2-yn-I1-yloxy)pyridine-2,6-dicarboxylate (2) (CDCls, 400

MHz).
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Figure S2.2. LH-NMR spectrum of pyridine-2,6-dicarboxylate modified B-cyclodextrin (5) (D20, 600 MHz).
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Figure S2.3. LH-NMR spectrum of 1,5-bis(((3s,5s,7s)-adamantan-1-yl)amino)-1,5-dioxopentan-2-aminium (9)

(DMSO, 500 MHz).
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Figure S2.4. ROESY spectrum of pyridine-2,6-dicarboxylate modified f-cyclodextrin and 1,3

adamantanediacetic acid (D20, 400 MHz). [29]



Micelle characterization
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Figure S2.5. Fluorescence emission spectrum of core-unitd- C4Ms, exciting at 275 nm. (micelles were prepared

at pH 7, final europium concentration was fixed at 0.2 mM).
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values to the CMC found in the core-unit9-
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units* C4Ms and polymeric unit C4Ms based on the bislinker (micelles are prepared at pH 7, final metal

concentration is fixed at 0.2 mM)
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Figure S2.9. The effect of salt concentration (NaCl) on scattering intensity and hydrodynamic diameter of

monomeric unit9- C4Ms. (micelles are prepared at pH 7, final europium concentration is fixed at 0.2 mM)
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0.2 mM)



120

__ 100
X
>
£ 80
c
3
£ 60
-]
S
©
g 40
o
2
20
0

150
- 125
[ ® °* ¢ [ Y

b ° - 100
[ —_
o S
i L 75 £
&
A A pA A B A A @

. A - 50

- - 25

T T T T T 0
0.05 0.1 0.15 0.2 0.25 0.3

bislinker concentration (mM)

® Normalized intensity (%) A size (nm)

Figure S2.11. Effect of Ad-Glu-Ad bislinker (S9) titration on the scattered intensity and hydrodynamic

diameter of monomeric unit6- C4Ms. 0.1 mM of bislinker corresponds to 16% of bislinker/Ad-ma concentration

ratio (final BCD-DPA concentration is fixed at 0.6 mM).

60

u
o

L
o

N
o

Normalized intensity (%)
W
o

[y
o

150
®
. o L 125
L - 100
i A ® * L 75 E
*
[7,]
§ A A A - 50
. - 25
T T T 0
0 0.02 0.04 0.06 0.08

bislinker concentration (mM)

® Normalized intensity (%) A Dh (nm)
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Figure S2.15. UV-Vis spectra of building blocks, Eu, BCD-DPA, PMVP;2s-PEQ477, Ad-ba, monomeric unit9-
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Figure S2.16. Original size and shape characterization at Cryo-TEM of C4Ms based on core-unit charge %
(left) and C4Ms based on core-unit charge 6 (right). The highest core-unit charge C4Ms revealed homogeneously

distributed spherical micelles, while the revealed core-unit charge C4Ms showed elongated micelles.



Table S2.1. DLS intensity for individual building blocks in comparison to the C4Ms. Europium ions (Eu),
adamantine mono-acid and bis-acid (Ad-ma and Ad-ba), block copolymer (BP), pyridine-2,6-dicarboxylate-

modified fB-cyclodextrin (fCD-DPA) and combinations of the components.

Sample name Intensity (Mcps)
Eu na
LCD-DPA na
AD-ma 0.9
AD-ba 0.9
BP na
Eu+BCD-DPA 1.0
Eu+Ad-ma 2.8
Eu+Ad-ba 2.8
Eu+BCD-DPA+Ad-ma 0.8
Eu+bCD-DPA+Ad-ba na
Eu+SCD-DPA+BP na
Eu+BP na
C4Ms ¥ 29.0

* All the controls were investigated at the DLS, keeping the concentrations of the single components the same

as the in the final C4Ms.
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CHAPTER 3

Assembly, Disassembly and Reassembly of
Cyclodextrin-based Complex Coacervate Core
Micelles with Redox-Responsive Supramolecular
Cross Linkers




ABSTRACT

Polymer-based micellar assemblies are gaining increasing attention in the smart materials field,
yet the design of micelles that show redox-responsive disassembly and, e.g., cargo release is still a
challenge. To form redox-responsive micelles, we developed cyclodextrin-based coacervate core
micelles that form under interplay of four orthogonal interactions: multivalent electrostatic
coacervation, metal-to-ligand coordination chemistry, supramolecular host-guest interactions, and
a reversible covalent disulfide metal-complex crosslinker. The cleavage of this crosslinker by
dithiotreithol results in the breaking of oligomeric europium(IIl) structures in the core and results
in the disassembly of the 70 nm size micelles. Over hours, due to the oxidation of thiolates to
disulfides, monomeric units can re-crosslink into oligomeric core-units, favoring micellar
reassembly. The time required to reassemble can be controlled by varying the reducing agent
concentration or the ratio between redox-responsive and non-redox-responsive crosslinkers.
Controlled Methyl Red encapsulation and release indicate the potential of these micelles, for, e.g.,

controlled drug uptake and delivery.

This chapter has been adjusted from the form: Camilla Facciotti, Vittorio Saggiomo, Anton Bunschoten, Jan
Bart ten Hove, Marcus T. M. Rood, Fijs W.B. van Leeuwen and Aldrik H. Velders (2019). "Assembly,
Disassembly and Reassembly of Cyclodextrin-based Complex Coacervate Core Micelles with Redox-

Responsive Supramolecular Cross Linkers." (under revisions in ChemSystemsChem)



3.1. INTRODUCTION

Polymer-based micellar assemblies are gaining increasing attention, for their promising potentials
in biomedical applications.[1-8] Among the family of polymer-based micelles, Complex Coacervate
Core Micelles (C3Ms) form via electrostatic interactions between oppositely charged polymers. This
type of micelles displays high stability under physiological conditions, prolonged blood circulation,
high gene transfection efficiency, low cytotoxicity and tunable imaging properties.[9-15] In the past
decades, substantial knowledge on the way charged polymers assemble into coacervate micelles has
been acquired. For example, it was shown that control over the micellar size and stability can be
obtained by varying the individual (block) polymer lengths.[12] Substituting negatively charged
polymers with negatively charged metal-to-ligand coordination complexes enabled to control not
only the micelle core structure (oligomeric vs. polymeric) and stability, but also, by using different
metals, the properties of the final micelle (such as fluorescence or magnetic properties for
multimodal, e.g. MR, imaging applications).[14, 16-19] New insights on the aggregation numbers
and the minimum amount of charges per core-unit required for coacervate assembly were acquired
by encapsulating charged dendrimers into coacervate micelles, forming the so-called
dendrimicelles.[20-22] Recently, an even more precise control on the minimum number of charges
per core-unit, required for coacervation, was achieved by introducing cyclodextrin-adamantane
host-guest interactions in the core of C3Ms, forming Cyclodextrin-based Complex Coacervate Core
Micelles (C4Ms), in which monomeric europium(IIl) complexes can form core-units of the
micelles.[23] By varying the ratio between two adamantane guest molecules, 1-
adamantanecarboxylic acid and 1,3-adamantanediacetic acid, the number of charges of the
monomeric units was finely tuned from six to nine, showing that nine negative charges per
monomeric core-unit formed spherical and well-monodispersed micelles of 45 nm in diameter, while
a lower number of charges per monomeric unit, such as six, were not enough to form well-defined
C4Ms, and instead yielded polydispersed aggregates of ca. 100 nm. Upon mixing low charged
monomeric units, which are not able to form well-defined stable micelles, with a guest adamantane
bislinker (Ad-Glu-Ad), monomeric-units can merge into dimeric and oligomeric core-units, thereby

increasing the charge per core-unit and resulting in micelle formation with an increased stability



against salt, pH and competing free BCD. This very subtle control over micelle formation and
stability via tuning the charge in monomeric and oligomeric core-units, led us to hypothesize the
possibility to incorporate supramolecular stimuli-responsive bridging linkers to allow reversible
assembly and disassembly with cyclodextrin-based coacervate-core micelles.

C3Ms, containing stimuli responsive guest molecules, can undergo changes in their morphology
and assembly behavior in response to specific stimuli,[24, 25] possibly, releasing their inner
content.[26, 27] Among these specific stimuli, redox responsiveness is one of the most enticing one,
for example to be exploited in cells and tissue with reducing environments.[11, 28, 29] Based on the
concept of redox responsivity, several studies reported the micellar dissociation in response to
dithiothreitol (DTT) or glutathione (GSH) and the consequential release of micelle-embedded
cargos, such as DNA molecules,[30] doxorubicin,[9-11] and siRNA molecules.[26] However, most of
the redox-responsive micelles contain the redox responsive disulfide on the edge between the core
and the shell; the cleavage of the disulfide bonds on the shell does not always lead to a fully
disassociated micellar core, which decreases the efficiency of the core-embedded drug release.[9, 10,
13, 31-34]

Here, we present the reversible assembly and disassembly of redox-responsive Cyclodextrin-based
Complex Coacervate Core Micelles, Ad-SS-Ad-based C4Ms, in which the micellar assembly can be
controlled using a disulfide crosslinker, bisadamantadine cystine ligand (Ad-SS-Ad), (Scheme 3.1.)
that converts units, incapable of forming micelles, into supramolecular oligomeric core-units that
can form the core of coacervate-core micelles. (Scheme 3.1). Uniquely, Ad-SS-Ad-based C4Ms are
formed combining four orthogonal interactions, namely: 1) electrostatic interactions, 11) metal-to-
ligand coordination, 1i1) host-guest interactions, and iv) reversible covalent disulfide crosslinks
(Scheme 3.1). Combining multiple orthogonal supramolecular interactions allows for fine tuning
and controlling the formation of these complex hierarchical structures, as we have shown
previously with different cyclodextrin systems immobilized on flat surfaces,[35] on nanoparticle
surfaces,[36-38] and even cell-surfaces.[39] Here we show the unique control exploiting the
supramolecular cyclodextrin chemistry in combination with other orthogonal interactions, in
solution and within the inside of nanoscale compartments of a micellar core. The disulfide bond,

designed at the center of the redox-responsive bislinker, controls the crosslinking of the multiple



coordination complexes, forming branched structures, that can become “oligomeric core-units” upon
micelle formation (Scheme 3.1. and 3.2.).

A coordination complex is formed by a single europium ion (Eu(III)) chelated by three cyclodextrin-
modified dipicolinic acid moieties (BCD-DPA); the charge of this complex is 3-, not enough to form
micelles.[17] Even when three anionic adamantane-thiolates (Ad-S-) bind, the overall charge of the
supramolecular core-unit complex is 6-, which is insufficient for micelle formation. In the oxidized
state, and in presence of a block copolymer (PMVPi2s-PEQ477), the Ad-SS-Ad can crosslink those
monomeric units binding to the cyclodextrin, forming oligomeric species with a higher negative
charge, capable of stabilizing micelles.

Interestingly, whether or not assembly takes place can be controlled not only prior to the addition
of the block copolymer, but also when all subcomponents are present in solution (Scheme 3.2.). In
fact, upon addition of DTT to preformed micelles, the Ad-SS-Ad bislinker breaks into two
adamantane-thiolates, disrupting the oligomeric core-unit connections into monomeric units with
six negative charges per complex hence, converting oligomeric core-units into monomeric units
resulting in the micellar disassembly.[23]

Finally, the formed thiolates can oxidize back to disulfides over time, reforming the supramolecular
crosslinker leading to the formation of oligomeric core-units and the reassembly of Ad-SS-Ad-based
C4Ms. The time required to reassemble can be controlled by varying the DTT concentration or by
varying the ratio between redox-responsive and non-redox-responsive bislinker, respectively Ad-
SS-Ad (diamantadine cystine) and Ad-Glu-Ad (glutamic acid-modified bisadamantane). The Ad-SS-
Ad-based C4Ms allow also for encapsulation and release of Methyl Red dye, which allows possible

future drug delivery applications.
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Scheme 3.1. Schematic illustration and molecular structures of the formation of Cyclodextrin-based Complex
Coacervate Core Micelles (C4Ms) with a supramolecular redox-responsive cross-linker (Ad-SS-Ad). Ad-SS-Ad-
based C4Ms form by combining four orthogonal interactions: i) metal to ligand coordination between one
europium ion and three cyclodextrin-modified dipicolinic acids (BCD-DPA) molecules, ii) host guest
interactions between the SCD and the Ad-SS-Ad bislinker, (forming oligomeric core-units), iii) reversible

covalent disulfide crosslinks and iv) coacervate interactions, by adding the block copolymer (PMVPi2s-PEQO477).



3.2. EXPERIMENTAL

Materials and methods, synthesis and micelle preparations are described in the following sections.

3.2.1. MATERIALS AND METHODS

Europium nitrate Eu(NOs3)3-5H20, N-hydroxysuccinimide, dicyclohexylcarbodiimide, amantadine
HCIl, N-di-Boc-L-cystine, trifluoroacetic acid, triethylamine, dithiothreitol, dichloromethane and
Methyl Red were purchased from Sigma Aldrich and used without further purification. The block
copolymer, poly(N-methyl-2-vinyl-pyridinium iodide)-b-poly(ethyleneoxide) (P2MVP12s-b-PEOu477),
was obtained by quaternization of poly(2-vinylpyridine)-b-poly(ethylene oxide) (PVP12s-b-PEQ477)
(Polymer Source, Mw/Mn =1.03, Mw = 13.3 k) following a procedure described elsewhere.[40] The
degree of quaternization was 90 %, as determined by DLS titration.

NMR measurements were carried out at 298 K on Bruker Avance III 400 MHz, 500 MHz, or 600
MHz NMR spectrometers. Assignments were aided by COSY, HSQC, NOESY, ROESY and HMBC
experiments. All mass spectra were acquired using ES ionization on a Thermo Finnigan LXQ
Exactive Mass Spectrometer. Light scattering measurements (DLS) were carried out on a Malvern
NanoSizer ZS, at 173 degree angle, operating at 632.8 nm at 25 °C. DLS size results are given as
number-based size. UV-VIS measurements were carried out on a UV-1601 Shimadzu
Spectrophotometer using quartz cuvettes of 1 cm path length. Fluorescence spectroscopy
measurements were carried out on an Agilent Cary Eclipse Fluorescence Spectrophotometer using
quartz cuvettes of 1 cm path length, excitation and emission slits were set at 5 nm. For cryo-TEM,
samples were cast on copper grids (400 mesh - 150 pm average hole size, Holey carbon), from
Electron Microscopy Sciences (EMS, Hatfield, PA, USA). After blotting, samples were plunged into
liquid ethane by using a Vitrobot Mark IV. Grids were then transferred to a JEOL 1400 PLUS TEM
operating at 120 kV.

The diethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate and of pyridine-2,6-dicarboxylate
modified B-cyclodextrin synthesis was performed following a previously described procedure.[23]
The synthesis, NMR assignments, micelle formation, redox-response and Methyl Red release

experiments are described in the Supporting Information.
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Scheme 3.2. Schematic representation of the assembly and disassembly of Ad-SS-Ad-based C4Ms and the sub-
components. On the left: by mixing the coordination complex (between europium ions and SCD-DPA) with Ad-
SS-Ad bislinker, a branched crosslinked structure was formed, called “oligomeric core-unit. Then, by adding
the block copolymer, Ad-SS-Ad-based C4Ms are formed. On the right: by adding DTT reducing agent, the
bislinker is cleaved into thiolates. Mixing the cleaved bislinker with the europium-based metal-ligand
coordination complex provides monomeric unit complex, with an effective charge of 6-, which does not yield
well-defined and stable micelles, upon mixing with an oppositely charged block copolymer. However, over time,
the bislinker thiolates re-oxidize to disulfide, favoring the combination of monomeric units into oligomeric core-

units, supporting the Ad-SS-Ad-based C4Ms reassembly.



3.2.2. SYNTHESIS

SYNTHESIS OF DIAMANTADINE CYSTINE (3) (SCHEME 3.3)

Compound 3 (Ad-SS-Ad), (2R,2'R)-3,3'-disulfanediylbis(N-(adamantan-1-yl)-2-aminopropanamide),
was prepared from tert-butoxycarbonyl or Boc -protected cystine and amantadine.[41] The NMR
spectra can be found in the SI (Figure S3.1-S3.3.).

2.0 mmol (230 mg) N-hydroxysuccinimide (NHS), 2.0 mmol (412 mg) dicyclohexylcarbodiimide
(DCC), and 2.2 mmol (414 mg) amantadine HCI were dissolved in a mixture of tetrahydrofuran
(THF) and dichloromethane (DCM) (1 mL and 15 mL respectively). 1.0 mmol (440 mg) N-di-Boc-L-
cystine and 2.5 mmol (350 pL) triethylamine (TEA) were added to this mixture. The reaction was
stirred overnight at room temperature. The next day the solvent was removed in vacuo. The
resulting white solid was stirred in DCM for 30 min. Water was added and the organic phase was
separated. The water phase was extracted once more with DCM. The combined organic fractions
were dried with sodium sulfate and concentrated in vacuo. The resulting white solid was dissolved
in 10 ml DCM: trifluoroacetic acid (TFA) (1:1) and left to react overnight. The next day the reaction
mixture was precipitated in 90 mL n-hexane: methyl tert-butyl ether (MTBE) (1:1) and centrifuged
to collect the white solid product. The product was washed and centrifuged once more with n-

hexane:MTBE. The white solid was dried, which resulted in 628 mg of product 3 (82%).
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Scheme 3.3. Reaction scheme of the diamantadine cystine (Ad-SS-Ad) synthesis from Boc-protected cystine and

amantadine.

1TH-NMR spectrum (600MHz, DMSO), 6 [ppm]: 8.35-8.21 (s, 4H, NHz2), 8.05-7.95 (s, 2H, NH), 4.00-
3.92 (s, 2H, CH-NHy), 3.29-2.98 (m, 4H, CH2-CH), 2.05-1.98 (s, 6H, C-CH2-CH-CH3), 1.98-1.89 (s,
12H, C-CH:-CH-CHzy), 1.69-1.55 (m, 12H, C-CH2-CH-CHy).

13C-NMR spectrum (600MHz, DMSO), 6 [ppm]:165.8 (C=0), 158.2 (TFA), 51.7 (C-CHz-CH-CHy),
51.4 (CHz2-CH), 40.8 (C-CH2-CH-CHzs), 39.0 (CH2-CH), 35.7 (C-CH2-CH-CHys), 28.6 C-CH2-CH-CHb).

Calculated monoisotopic mass [M+H]* for 3, M=C26H42N102S2, is 507.28. The experimental mass is

507.49 ([M+H]").



3.2.3. MICELLES PREPARATION

Stock solutions of europium nitrate, P2MVP12s-b-PEO477, BCD-DPA, Ad-SS-Ad were prepared by
dissolving the solids in ultrapure water and adjusting the pH of the solutions to pH 7 with HCI
and/or NaOH. Concentrations of the stock solutions were respectively 5 mM, 10 mM (charge
concentration), 5 mM, and 1 mM.

Micelles were prepared under sonication at room temperature in a final volume of 0.5 mL. All the
samples were prepared by adding sodium carbonate buffer pH 10 (Na2COs and NaHCOs, final
concentration of 10 mM) to ensure the presence of negative charges in the oligomeric core-units.
The coordination complex between Eu3* and DPA was formed by adding first europium ions at a
final concentration of 0.2 mM. Secondly, BCD-DPA was added in a 1 : 3 ratio of Eu/8CD-DPA, at a
final concentration of 0.6 mM. The oligomeric core-unit was formed by adding Ad-SS-Ad guest
molecules to the coordination structure, in a 1 : 2 ratio Ad-SS-Ad/BCD-DPA, at a final concentration
of 0.3 mM. Ad-SS-Ad-based C4Ms were formed by adding the P2MVP12s-b-PEQ477 block copolymer
to the oligomeric core-unit structure until charge neutralization. During all experiments, the
concentration of the components was kept above the CMC to prevent the equilibrium from shifting

from micelles towards monomers.

3.2.4. REDOX RESPONSE

The redox responsivity studies were performed by exposing Ad-SS-Ad-based C4Ms to DT'T. To avoid
the inactivation of DTT, each DTT addition was taken from freshly prepared stock solutions. DTT
amounts are given as equivalents relative to the disulfide concentration in Ad-SS-Ad molecules.
For the “oxidation/reduction cycle” experiment, 6 equivalents of DTT were repeatedly added to Ad-
SS-Ad-C4Ms. Each DTT addition was done after the Ad-SS-Ad-based C4Ms were reassembled.
Intensity, size and monodispersity were measured every 10 minutes with DLS.

Two control experiments were performed to confirm that the DTT responsivity was only related to
the presence of the disulfide bond in the core of the Ad-SS-Ad-based C4Ms. In the first control
experiment, the redox-responsive Ad-SS-Ad bislinker was substituted with a non-redox responsive

Ad-Glu-Ad bislinker, (glutamic acid-modified bisadamantane).The preparation of Ad-Glu-Ad-based



C4Ms is described in our previous work.[23] After the formation of Ad-Glu-Ad-based C4Ms, micelles
were treated with 6 equivalents of DTT. For the second control experiment, we changed the order
of addition of DTT, studying the assembly starting from the monomeric units. The monomeric units
were formed first by combining europium ions, BCD-DPA and Ad-SS-Ad bislinker and reducing the
disulfide with 6 equivalents of DTT. Next, the block copolymer was added. Intensity, size and

monodispersity were measured every 10 minutes with DLS.

3.2.5. ENCAPSULATION AND RELEASE STUDY

A stock solution of 0.15 mM of Methyl Red dye was prepared by dissolving the powder in ultrapure
water and adjusting it to pH 10 with HCI and/or NaOH. The encapsulation of Methyl Red inside
Ad-SS-Ad-based C4Ms was achieved by mixing Methyl Red and Ad-SS-Ad bislinker before addition
to the BCD-DPA (5% Methyl Red and 95% singular adamantane vs. BCD). After the addition of the
dye to the oligomeric core-units, the block copolymer was added. For the release experiment, a
biphasic system with water/dichloromethane (1:1, 0.5 mL) was prepared in a glass vial. Six different
glass vials were prepared: two vials with only Methyl Red, other two with methyl red and BCD-
DPA, and the last two with Ad-SS-Ad-based C4Ms and encapsulated methyl red (Figure S3.26.).
The concentration of methyl red was kept constant in all the samples, around 37.5 uM. To vials B,

D and F, 30 equivalents of DTT were added and all the vials were shaken afterwards.



3.3. RESULTS AND DISCUSSION

Following the procedures presented in Scheme 3.1 and 3.2, first coacervate core micelles with the
bisadmantane cystine linker were prepared, and consecutively the redox responsiveness of the
systems under various conditions was tested.

Mixing of europium ions, BCD-DPA, Ad-SS-Ad and P2MVP12s-b-PEQO477 (or BP) in stoichiometric
ratios leads to self-assembled micelles, called Ad-SS-Ad-based C4Ms. The structural integrity of
these micelles is based on four orthogonal interaction motifs: i) metal-to-ligand coordination, ii)
host-guest interactions, ii1) electrostatic interactions and iv) reversible-covalent disulfide bridge.
DPA is a well-known ligand for lanthanide ions,[42-44] and the characteristic sharp-lines of the Eu
(IIT) emission at 615 nm after excitation of DPA at 280 nm (antenna effect) corroborate that BCD-
DPA coordinates to the metal ion (Figure S3.5.-S3.7.). Ad-SS-Ad linker molecules can connect
multiple coordination complexes, driving the formation of branched structures, called “oligomeric
core-unit”’(Figure S3.8.-S3.9.). The host-guest interaction complex between adamantane guests and
BCD hosts has also been demonstrated previously.[45-48] By adding a block copolymer (P2MVP12s-
b-PEO477) composed of a positively charged part and a neutral part to the negatively charged
oligomeric units, Ad-SS-Ad-based C4Ms were formed, (Figure S3.10.). The size and polydispersity
of the Ad-SS-Ad-based C4Ms were studied by DLS and cryo-TEM, resulting in the hydrodynamic
diameter of the micelles of around 70 nm (SD 10 nm, PDI 0.12). These results are in good agreement
with the cryo-TEM results (around 40 nm core size and around 20 nm shell) (Figure 3.1. and S3.11.).
The size and intensity remained stable over at least three days (Figure S3.12.). By diluting a micelle
sample with deionized water, the Critical Micelle Concentration (CMC) was determined to be
around 50 pM of europium ions, comparable with the previous value of Ad-Glu-Ad-based C4Ms
(Figure S3.13).[23] The micelles disassemble upon increasing ionic strength due to the screening of
the electrostatic charges by salt ions (Figure S3.14.);[12] the Critical Salt Concentration (CSC) is

ca. 30 mM of NaCl, which is similar to the CSC found for Ad-Glu-Ad-based C4Ms.[23]
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Figure 3.1. Size distribution of Ad-SS-Ad-based C4Ms determined by DLS (left) and cryo-TEM image of Ad-
SS-Ad-based C4Ms (right). The DLS and cryo-TEM techniques show comparable results, respectively,

hydrodynamic diameter of 70 nm (SD 10 nm), specifically core size of ca. 40 nm, with shell of ca. 10 nm.

3.3.1. REDOX RESPONSE OF AD-SS-AD-BASED C4MS

In Ad-SS-Ad-based C4Ms, a single europium ion is chelated by three BCD-DPA, forming a
coordination complex with a net charge of 3-. The Ad-SS-Ad bislinker, can crosslink multiple
coordination complexes into oligomeric core-units, with a higher net-charge, compared to the single
coordination complex. Upon the addition of the block copolymer, the solution containing complexes
bearing the Ad-SS-Ad bislinker form coacervate micelles (Scheme 3.2. left). Upon DTT treatment,
the disulfide crosslinks are reduced into thiols, which are deprotonated to thiolates in the buffer at
pH 10 used for the formation of micelles, converting oligomeric core-units into monomeric units
with six negative charges. These six negative charges are determined by summing 3- charges of
the thiolate guests with 3- net charges of the coordination complex. As previously demonstrated,
siXx negative charges, per monomeric units, are not enough to form stable and well-defined
coacervate micelles, but rather unstable and non-uniform aggregates.[23] Therefore, the addition

of DTT favors the micellar disassembly (Scheme 3.2. bottom).



To further investigate the ability of disulfide bond cleavage to weaken the cross-linked core and
lead to the micelle dissociation, different amounts of DTT, from 1 to 30 equivalents, were added to
Ad-SS-Ad-based C4Ms. DLS was used to monitor changes in size and intensity before and after
addition of DTT. In the absence of DTT the average micellar size and the scattered intensity
remained stable for more than three days (around 70 nm and 160 Mcps respectively). After
treatment with 1 or 3 equivalents of DTT, Ad-SS-Ad-based C4Ms did not show any significant
change in size or in intensity (Figure S3.15.). However, when Ad-SS-Ad-based C4Ms were treated
with higher concentrations of DTT, such as 6, 10, 15, 20 and 30 equivalents, the scattered intensity
decreased dramatically, up to 30% of its original value, while the size remained stable (Figures 3.2.
and S3.15.-3.16.). The decrease in intensity is caused by a breakage of the oligomeric core-unit into
monomeric units, resulting in a loss of stability and disassembly of the micelle. Interestingly, the
scattering intensity recovered over time, to its starting value, as shown in Figure 3.2. This
phenomenon indicates disulfide bond reformation and the micellar reassembly in time. This process
is clearly favored by the presence of oxygen (Figure S3.17.); it is well reported, that in the presence
of a small amount of base and oxygen, thiolates tend to form quickly disulfides. Once all the DTT
is oxidized the Ad-SS-Ad disulfide can be reformed.[49-53] Obviously, the reassembly time
increased by increasing the DTT concentration, as the oxidation of DTT by oxygen competes with
the bislinker oxidation. The more DTT is present in its reduced form, the longer the time the oxygen

will take to oxidize the thiolates.
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Figure 3.2. DLS data of the disassembled micelles after the addition of reducing agent reassembling over time.
Micelle disassembly (data points at time = 0) and “reassemble time” graph plotted as normalized scattered
intensity against time. Ad-SS-Ad-based C4Ms were treated with 1, 3, 6, 10, 15, 20, 30 equivalents of DTT. The
addition of at least 6 equivalents of DTT favors the micelle disassembly. However, over time, micelles can

reform, due to the re-oxidation of thiolates into disulfides. Scattered intensity was measured every ten minutes

with DLS.

The trend between the reassembly time and the DTT concentration is, indeed, clear in Figure 3.2.
A similar behavior was described in literature for poly-hydroxylamine-based micelles.[11] The
disulfide cleavage and reformation can be also observed by the naked eye. After treatment with 6
equivalents of DTT, the solution became partially clear due to the cleavage of disulfide bonds and
subsequent disassembly of the micelles. However, over time, the solution acquired the same initial
turbidity, attributed to the disulfide bond reformation and subsequent reassembly of the micelles
(Figure S3.18.). This phenomenon was also observed in other types of micelles and used to confirm

the disulfide bond cleavage and, eventually, reformation.[33]
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Figure 3.3. A control experiment was performed with non-redox-responsive Ad-Glu-Ad-based C4Ms, treated
with 6 equivalents of DTT. No difference in size or intensity is noticeable for Ad-Glu-Ad-based C4Ms, after
treatment with DTT (left). A second control was performed starting from the thiol-adamantane molecule, by
adding first DTT to the Ad-SS-Ad oligomeric core-unit and subsequently the BP (right). In the figure on the
right, the first red dashed square underlines the formation of monomeric unit aggregates. The second red

dashed rectangular underlines the formation of oligomeric cross-linked core-unit micelles

To tune the stability of the micelles against DTT, we substituted the 10% of the redox-responsive
Ad-SS-Ad bislinker with non-redox responsive Ad-Glu-Ad bislinker (Figure S3.19.). In our previous
research, we demonstrated that 10% of Ad-Glu-Ad bislinker was enough to increase the stability of
C4Ms based on the europium(IIT)- CD-DPA monomeric units with carboxylated adamantane guest
molecules.[23] By substituting 10% of Ad-SS-Ad bislinker with Ad-Glu-Ad bislinker, micelles of
similar sizes and intensity were formed (Figure S3.19.). Upon DTT treatment, three main results
were noticeable: 1) right after the addition of DTT, the intensity drop was less pronounced (from
100% to 50%), compared to C4Ms based on 100% Ad-SS-Ad bislinker (from 100% to 30%), ii) the
recovery time was faster (100 minutes rather than 150 minutes) and 1i1) micelle size remained more
monodisperse (70 nm, SD 5 nm), compared to Ad-SS-Ad-based C4Ms (70 nm, SD 10 nm). These
results show that the redox response of Ad-SS-Ad-based C4Ms can be tuned by adjusting the ratio
between redox-responsive and non-redox-responsive bislinker, i.e. Ad-Glu-Ad bislinker and Ad-SS-
Ad bislinker. To confirm that the redox responsivity was only related to the presence of a disulfide
bond in the core of the Ad-SS-Ad-based C4Ms, a control experiment with 100% non-redox-
responsive bislinker, Ad-Glu-Ad, was performed. Ad-Glu-Ad-based C4Ms were treated with 6
equivalents of DTT. Figure 3.3. on the left shows that no significant change in size or intensity was

detected. This result further confirms that the redox-responsivity can be attributed to the presence



of the disulfide bond in the cross-linker. To understand the mechanism of the coacervate micelle
formation, an additional experiment was performed studying the assembly starting from
monomeric units containing only three negative charges by adding DTT to the supramolecular
polymers prior to the addition of the block copolymer, (Scheme 3.2., Figures 3.3.-right and S3.20.-
3.22.). In this case, the micellar self-assembly occurred in two steps. The first step between 5
minutes and 3 hours, in which ill-defined aggregates are present with high polydispersity according
to the DLS data. The second step occurred after 4 hours and shows stable micellar assemblies,
comparable to the previously prepared Ad-SS-Ad-based C4Ms, with a hydrodynamic diameter of
c.a. 70 nm (Table S3.1.). We speculate that these two steps can be attributed to the formation of,
firstly, aggregates of the block copolymer with monomeric coordination complexes while the second
step can be attributed to the formation of crosslinked oligomeric core which then forms the
coacervate micelles. The reassembly time, defined as the time required to form stable micelles,
could be associated to the disulfide reformation and micelle transition from the monomeric unit
structures to the oligomeric cross-linked core-units. We excluded that the lag time was related to
the time required for self-assembly of the micelles as, the formation of a standard C3Ms is
completed in around 30 seconds. Therefore, we believe that this lag time is mainly related to the

reformation of the disulfides and the oligomeric crosslink core-units (Figure S3.24.).



3.3.2. OXIDATION/REDUCTION CYCLE OF AD-SS-AD-BASED

C4MS

The ability to reversibly disassemble-reassemble multiple times was investigated in a so-called
“oxidation/reduction cycle” experiment. Ad-SS-Ad-based C4Ms were first formed and then,
repeatedly, treated with 6 equivalents of DTT and exposed to air. Figure 3.4 shows the ability of
Ad-SS-Ad-based C4Ms to reassemble up to at least 4 cycles of DTT additions (recovering up to 90%
of the original intensity). After each DTT treatment, the intensity decreased due to the micellar
disassembly, but it recovered back to the initial values. Figure 3.4. b and S3.25. show the increase
in recovery time after the DTT addition. This phenomenon might be explained by the combination
of different effects, such as the over oxidation of the sulfur to sulfoxides, which cannot form
disulfides anymore, and the increasing concentration of added components and reaction products

to the solution with the repeated additions of DTT. [17]
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Figure 3.4. DLS data of Ad-SS-Ad-based C4Ms oxidation/reduction cycles. In the oxidation/reduction cycle,
Ad-SS-Ad-based C4Ms were first formed and then, repeatedly, treated with 6 eq of DTT. Each DTT addition
was done after the Ad-SS-Ad-based C4Ms were reassembled (one cycle). Intensity, size and dispersity were
detected every 10 minutes with the DLS. In a), the intensity is plotted against the number of cycles. In b), the
intensity is plotted against time. From both graphs, it is clear that micelles can disassemble after DTT

treatments and reassemble in time.



3.3.3. ENCAPSULATION AND RELEASE OF METHYL RED DYE

The goal of this experiment was to prove the encapsulation and the release of Methyl Red (MR)
from Ad-SS-Ad-based C4Ms, by using a biphasic system. MR was used as a drug-model, based on
its medium-strong association constant with BCD (ka around 5-103 M-!) and the direct visual
information.[54-56] Biphasic systems have proven to be very illustrative to study supramolecular
interactions involving hydrophobic/hydrophilic building blocks via phase transfer.[57] In a biphasic
system based on water and dichloromethane (DCM), MR resides mainly in the DCM layer, due to
its hydrophobicity. However, by encapsulating it inside micelles, MR remains in the water phase
(Figure 3.5. and S3.26.). This result confirms the ability of C4Ms to solubilize poorly water-soluble
molecules. The drug can be released by breaking the coacervate micelle. Figure 3.5 shows that the
addition of 30 eq. of DTT to Ad-SS-Ad-based C4Ms provokes the release of the MR dye and its
transfer to the organic phase. This result was confirmed by UV-Vis, as upon the DTT addition, the
MR absorption peak decreases in the water phase and increases in the organic phase (Figure
S3.27.). The peak shift from 420 nm to 520 nm is related to the pH and the MR protonation.[54, 55]
Figure S3.27 shows an increase in the absorbance of the dye when it is encapsulated inside the
cyclodextrin. This effect is related to the transfer of the guest from a more protic environment to a
less protic environment, such as the cavity of the cyclodextrin.[58] From these results it is evident
that C4Ms promote the solubilization of MR in water and its release (i.e. to the organic phase) upon
micelle dissociation. With this preliminary study, we show that the presence of the BCD, combined

with C4Ms can be used to incorporate and release drugs.
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Figure 3.5. Pictures and schematic representation of the encapsulation and release experiment. 5% of Methyl
Red was encapsulated into Ad-SS-Ad-based C4Ms. A) represents the control and no DTT was added to the vial.
B) represents the sample before (left) and after (right) the DTT addition. Without any DTT treatment, the micelle
solubilize the Methyl Red in the water phase (upper layer). However, the DTT addition promotes the micellar

disassembly and the release of the dye into the organic phase.

3.4. CONCLUSION

We successfully developed a core-redox-responsive cyclodextrin-based complex coacervate core
micelles, Ad-SS-Ad-based C4Ms, of 70 nm. The assembly and disassembly can be controlled by
finely tuning the charge of core-units based on a supramolecular coordination complex, using a
redox-responsive bislinker. The disulfide bislinker is able to crosslink multiple monomeric units
into stable oligomeric core-units. Upon the addition of 6 or more equivalents of DTT, the disulfide
bislinker is cleaved into thiolates, breaking oligomeric core-units into monomeric units, favoring
the micellar disassembly. Ad-SS-Ad-based C4Ms disassembly was reversible after two hours, due
to the re-oxidation of thiolates to disulfides. Importantly, the ability to be reversibly oxidized and
reduced was confirmed up to 4 cycles of DTT treatment. The time required to reassemble can be
controlled by varying the DTT concentration or the ratio between redox-responsive and non-redox-
responsive bislinker. The ability of the micelles to assemble and disassemble under specific stimuli,
and release a cargo was proven in a phase transfer experiment, illustrating the potential for

controlled drug delivery applications.
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Figure S3.1. 'H-NMR of Ad-SS-Ad bislinker in DMSO.
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Figure S3.2. 13C-NMR of Ad-SS-Ad bislinker in DMSO
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Figure S3.3. HMBC (blue) and HSQC (red) spectra of Ad-SS-Ad bislinker in DMSO. The concentration of Ad-

SS-Ad bislinker was fixed at 0.6 mM.
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Figure S3.4. Mass spectrum of Ad-SS-Ad bislinker in methanol. The experimental mass is 507.49 for [M+H]J+

and 529.47 for [M+Na]+.



Micelle characterization
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Figure S3.5. Absorption spectrum of europium ions, fCD-DPA, Ad-SS-Ad, europium ions final concentration

was fixed at 0.2 mM.
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Figure S3.6. Emission spectrum of europium ions, in a mixture of BCD-DPA and Ad-SS-Ad, excitation fixed
at 280 nm. Observing the europium emission (e.g. 615 nm) upon excitation of the DPA moiety (280 nm) shows

the formation of the Eu-DPA complex.
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Figure S3.7. Excitation spectrum of europium ions, in a mixture of fCD-DPA and Ad-SS-Ad, emission fixed

at 615 nm.
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Figure S3.8. TH-NMR of europium ions, fCD-DPA, Ad-SS-Ad in D30, without the addition of the block
copolymer. The measurement was performed in D20 and carbonate buffer (10 mM, pH 10), at a final europium

ion concentration of 0.25 mM, with a 600 MHz, cryo-probe.
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Figure S3.9. 500 MHz, DOSY of oligomeric and monomeric core-units. In red, a mixture of monomeric and
oligomeric species was formed by mixing europium ions, fCD-DPA, Ad-SS-Ad bislinker. In blue, the monomeric
core-units were formed by mixing europium ions, fCD-DPA, Ad-SS-Ad and 6 equivalents of DTT. The
measurements were performed in D20 and carbonate buffer (10 mM, pH 10), at a final europium ion
concentration of 0.25 mM. In the presence of the intact crosslinker (red) a slightly lower diffusion coefficient is

noted for the SCD-DPA and the adamantane units, indicating the formation of oligomeric species.
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Figure S3.10. DLS data showing the determination of the charge fraction f+, by titrating the block copolymer
to the oligomeric core-units. f+ was calculated as the amount of positive charges over the amount of total charges.

A value of f+ of 0.57 was used as neutralization optimum of these coacervate micelles.

Figure S3.11. Cryo-TEM images of Ad-SS-Ad-based C4Ms. The diameter and the shell between micelles are
around 40 nm and 20 nm, respectively. The sample was freshly prepared and checked at the DLS. The

brightness and contrast of the figure on the right were adjusted by using Image-J.
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Figure S3.12. Scattered intensity and size stability in time of Ad-SS-Ad-based C4Ms, by using DLS.
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Figure S3.13. Determination of the Critical Micelle Concentration, or CMC, performed by diluting Ad-SS-Ad-

based C4Ms with ultrapure water, by using the DLS.
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Figure S3.14. Determination of the Critical Salt concentration, or CSC, performed by adding increasing

amounts of NaCl to Ad-SS-Ad-based C4Ms, by using the DLS.



Redox response studies
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Figure S3.15. DLS data of Ad-SS-Ad-based C4Ms treated with different amounts of DTT, respectively 0
equivalent a), 1 equivalents b), 8 equivalents c) and 6 equivalents d).After the DTT addition, the scattered
intensity decreases due to the disassembly of Ad-SS-Ad-based C4Ms. However, the intensity recovers in time

back to the original values This phenomenon is attributed to the reformation of Ad-SS-Ad-based C4Ms, in time.
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Figure S3.16. DLS data of Ad-SS-Ad-based C4Ms treated with different amounts of DTT, respectively 10
equivalents e), 15 equivalents f), 20 equivalents g) and 30 equivalents h).After the DTT addition, the scattered
intensity decreases due to the disassembly of Ad-SS-Ad-based C4Ms. However, the intensity recovers in time

back to the original values This phenomenon is attributed to the reformation of Ad-SS-Ad-based C4Ms, in time.
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Figure S3.17. DLS data showing the comparison between Ad-SS-Ad-based C4Ms treated with 6 equivalents
of DTT under regular conditions (black circles) and under argon flux (white circles). The presence of oxygen in

the cuvette shortens the “recovery time”.

Figure S3.18. Picture of Ad-SS-Ad-based C4Ms, before DTT treatment (left), 5 minutes after the treatment

(centre) and 1 hour after the treatment (right). The picture taken 5 minutes after the treatment shows a reduced

turbidity, compared to the control. In each picture, the control is the left cuvette and marked as “C”.
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Figure S3.19. DLS data of Ad-SS-Ad-based C4Ms formed by mixing 10% of Ad-Glu-Ad bislinker and 90% of
Ad-SS-Ad bisinker. Intensity (circles) and size (triangles) of the micelle with 10% Ad-Glu-Ad were compared
with Ad-SS-Ad-C4Ms micelles, after the treatment with 6 equivalents of DTT. After the DTT addition, the
intensity drops 40%. The Ad-Glu-Ad bislinker was investigated in our previous research as a bridging ligand

between monomeric units. (Facciotti, C., et al. (2018), Soft Matter 14(47): 9542-9549).
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Figure S3.20. DLS data of the control of Ad-SS-Ad-based C4Ms formation starting from the thiolate form. In
this control 6 equivalents of DTT were added directly to the core-units, before the addition of block copolymer
(see the right side of scheme 2 in the main text). In the figure above the variation in intensity and size is plotted

against the time, while in the figure below, the variation in size and PDI is plotted against time.
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Figure S83.21. DLS data of the control of Ad-SS-Ad-based C4Ms formation starting from monomeric units. In

this control, 6 equivalents of DTT were added directly to the oligomeric core-units, before the addition of block

copolymer. The correlogram was monitored at different times.
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Figure S3.22. DLS data of the control of Ad-SS-Ad-based C4Ms formation starting from monomeric units. In

this control 6 equivalents of DTT were added directly to the oligomeric core-units, before the addition of block

copolymer. The size distribution was monitored at different times.



Figure S3.23. Cryo-TEM images of Ad-SS-Ad-based C4Ms. Figure a) represents the directly formed Ad-SS-
Ad-based C4Ms, while figure b) represent the re-ssembled micelles. The Cryo-TEM of b) was performed after
treating the micelle solution with 6 equivalents of DTT and after 2 hours waiting step. The brightness and

contrast of both pictures were adjusted by using image-J.

Table S3.1. Polydispersity index, size (nm) and intensity (%) values of Ad-SS-Ad-based C4Ms formation

starting from the thiolate form in time, by DLS.

Time (min) Size (nm) Normalized intensity (%) PDI
0 na 0 na
5 na 0 na
10 72 31 na
15 69 50 0.19
20 79 59 0.19
60 76 65 0.24
120 65 66 0.22
300 85 101 0.19

600 66 100 0.22
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Figure S3.24. DLS data of Ad-SS-Ad-based C4Ms formation followed in time. The variation of intensity and

size is plotted over time, after the micelle formation.
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Figure S3.25. DLS data of Ad-SS-Ad-based C4Ms reversibility cycles. In the reversibility cycle, Ad-SS-Ad-
based C4Ms were first formed and then, repeatedly, treated with 6 equivalents of DTT. Each DTT addition was
done after the Ad-SS-Ad-based C4Ms were reassembled and it is called “one cycle”. Intensity, size and
monodispersity were measured every 10 minutes with the DLS. On the top, the intensity and the size are plotted

against the time. On the bottom, the size and the PDI are plotted against the time.



Encapsulation studies

Figure S3.26. Pictures of the encapsulation and release study performed in a water/DCM biphasic system. A
and B represent the methyl red, C and D the Methyl Red complexed with SCD-DPA and E and F the Methyl

Red encapsulated inside Ad-SSAd-based C4Ms. 30 eq. of DTT were added to the vials B, D and F. The water

phase includes a carbonate buffer at pH 10.
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Figure S3.27. Absorption spectra of the Methyl Red (MR) encapsulated inside Ad-SS-Ad-based C4Ms, in the

water and in the DCM phases, with and without DTT treatment.

Table S3.2. Intensity of the Ad-SS-Ad-based C4Ms controls

Name I (Mcps)

Eu na
BCD-DPA na
Ad-SS-Ad na
BP na
Eu + BCD-DPA na
Eu + Ad-SS-Ad na
Eu +BP na

Eu + Ad-SS-Ad + BP 13.05
Eu + BCD-DPA + BP na

Ad-SS-Ad + BP 12.19
Ad-SS-Ad + SCD-DPA na
pCD-DPA + BP na
Eu + fCD-DPA + Ad-SS-Ad na

Ad-SS-Ad-based C4Ms 160
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CHAPTER 4

Oxidant-responsive Ferrocene-based
Cyclodextrin Complex Coacervate Core
Micelles




ABSTRACT

Coacervate-core micelle are considered promising materials for several applications, from
catalysis to drug delivery. However, oxidant-responsive coacervate-core micelles, able to
undergo structural changes upon specific oxidation stimuli, are not well-reported. Here, we
present a novel ferrocene-dipicolinic acid derivative as redox responsive subcomponent to be
incorporated in cyclodextrin-based coacervate core micelles, C4Ms, with tuneable core
structure and responsiveness towards H202 treatment. The Fec-C4Ms are formed combining
three orthogonal supramolecular interactions, namely 1) metal-to-ligand coordination
between europium(III) ions and dipicolinic acid molecules, ii) host-guest interaction between
beta cyclodextrins and ferrocenes and iii) electrostatic coacervation interaction. The micelle
stability against oxidation can be controlled by varying three main parameters: a) the core-
unit structure, from monomeric complexes to supramolecular oligomers, b) the H:02
equivalents and c) the ratio between redox-responsive and non-redox-responsive bislinker.
The H20O32-responsive ferrocene-based systems might have interesting application, e.g.

Reactive Oxygen Species (ROS)-mediated drug delivery.

This chapter has been adjusted from the accepted form: Camilla Facciotti, Vittorio Saggiomo, Simon
van Hurne, Anton Bunschoten, Rebecca Kaup, and Aldrik H. Velders (2019). "Oxidant-responsive
Ferrocene-based Cyclodextrin Complex Coacervate Core Micelles" (accepted in Supramolecular

Chemistry)



4.1. INTRODUCTION

In recent years, Complex Coacervate Core Micelles (C3Ms) have received increasing
attention, due to their broad range of applications, from catalysis to drug-delivery.[1-4]
Traditionally, C3Ms are formed by electrostatic interactions between oppositely charged
polymers.[5-7] By substituting the negatively charged polymers with metal-to-ligand
coordination structures, it was possible to form more complex structures in the core of C3Ms,
such as branched oligomeric or linear polymeric structures.[8-10] Including a metal-to-ligand
coordination structure inside C3Ms allowed a better understanding of the formation process
of those micelles and an improved control of their final properties, by changing the
coordinated ions.[9, 11] By substituting the metal-to-ligand structures with dendrimers, it
was possible to determine the encapsulation capacity and stability of coacervate micelles.[12-
14] Recently, host-guest interactions were combined with C3Ms, to investigate, in a subtle
way, the minimum number of charges required for coacervate assembly.[15] This minimum
value was determined by finely tuning the charges on the adamantane guest molecules in
the core of Cyclodextrin-based Complex Coacervate core Micelles (C4Ms). The possibility of
changing the guest allowed to adjust the micelle formation, size, stability, and to make them
responsive to specific stimuli, such as redox or light. We now wanted to design oxidant-
responsive coacervate-core micelles, exploiting supramolecular host-guest interactions,
which is of relevance for studying oxidative stress conditions, caused, for example, by
Reactive Oxygen Species (ROS) [16-19] production or as H202 sensor.[20]

Here, we present ferrocene-based C4Ms, with tuneable core structures and stability against
H20:2 stimuli. Uniquely, ferrocene-based C4Ms form by combining three orthogonal
supramolecular interactions in the core of C4Ms, namely 1) metal-to-ligand coordination
between europium ions and dipicolinic acid molecules (DPA), ii) host-guest interaction
between beta cyclodextrins (BCD) and ferrocenes (Fc) and 1iii) electrostatic coacervation
interaction (Scheme 4.1.). The metal-to-ligand coordination is formed by mixing europium
ions with DPA ligands. In this case, we synthesized two DPA derivatives: 1) BCD-DPA, by

grafting DPA on the cyclodextrin host and ii) Fe-DPA, by attaching DPA on the ferrocene



guest. Therefore the coordination between the europium and the ligand is based on a dynamic
equilibrium between the BCD-DPA and the Fc-DPA ligand, forming these possible structures:
[Eu (Fc-DPA)s], {Eu [(Fc-DPA)2 (BCD-DPA)]}, {Eu [(Fc-DPA) (BCD-DPA):2]} and [Eu (BCD-
DPA)s]. Simply by changing the ratio between Eu/x-DPA, we can tune the core structure from
monomeric to oligomeric-based core-unit. A ratio of Eu/x-DPA 1:6 allows the formation of
monomeric core-units (Scheme 4.1 top), in which the core-unit charge is 9-, derived from the
sum of Eu (3+), BCD-DPA (2-) Fc-DPA (2-) in a 1: (3 + 3) ratio. In the case of oligomeric core-
units, a ratio of Eu/x-DPA of 1:3 is required (Scheme 4.1 bottom), and this is achieved by
using a ratio of Eu:(BCD-DPA + Fc-DPA) 1:(1.5 + 1.5). In our previous work, we found that
the stability properties, e.g. fluorescence and magnetic relaxation, of C3Ms could be tuned by
changing the core-structures from monomeric to more branched like structures.[11] By
introducing host-guest interactions in C3Ms, the stability against salt and competing
cyclodextrin could be adjusted by finely tuning the charge of the adamantane guest.[15] Here,
we selected ferrocene as guest for its well-known 1:1 inclusion complex with B-CD, with an
association constant (ka) around 4.1 103 M- (in its reduced form)[21-26] and for its
responsivity towards mild oxidants, such as FeCls, AgNOs3, 12,[27-29] and H202[16-19, 25, 30-
34]. The oxidation reaction of ferrocene to ferrocenium (Fc*) causes consequently the
dissociation of the Fc* from the B-CD (ka 15 M-1). In our case, H202 was selected as the oxidant
to promote the host-guest dissociation, due to its relevance in biological studies.[26, 35] The
addition of H202 to C4Ms favours the disassembly of the host-guest complex, leaving the
monomeric core-units with a too low number of charges per core-unit and converting
oligomeric core-units into monomeric core-units with low number of charges. In these
conditions, core-units with a number of charges below six are not able to form stable
coacervate micelles, thus, favouring the micellar aggregation.[15] This destabilization
behaviour of Fc-based C4Ms can be finely controlled by varying three parameters: i) the
oligomeric structure vs the monomeric core-structure, ii) the H202 equivalents and 1ii1) the

addition of a non-responsive bislinker.
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Scheme 4.1. Representation of the Fc-C4Ms formation. Europium ions (III) are mixed with SCD-DPA
and Fe-DPA molecules to form monomeric or oligomeric core-unit structures. The europium coordination
is in dynamic equilibrium between the structures: Eu: (Fc-DPA)s, Eu: [(Fc-DPA)2 (5CD-DPA)], Eu: [(Fc-
DPA) (BCD-DPA)s] and Eu: (BCD-DPA)s. The formation of the monomeric and oligomeric structures is
based on the ratios between Eu/x-DPA or Eu/(fCD-DPA and Fc-DPA), respectively 1:6 (top) and 1:3
(bottom) for monomeric and oligomeric core-units. The block copolymer addition, until charge
neutralization, allows the formation of the final Fc-C4Ms structure. The bottom part shows the

combination of the molecular structures with the schematic representation of the building blocks.



4.2. EXPERIMENTAL

Materials and methods, synthesis and micelle preparations are described in the following

sections.

4.2.1. MATERIALS AND METHODS

Europium(III) nitrate pentahydrate, copper iodide, 30% hydrogen peroxide, 6-bromo-1-
oxohexyl)ferrocene, diethyl 4-hydroxy 2,6-pyridinedicarboxylate potassium carbonate and
sodium carbonate were purchased from Sigma Aldrich and were used without further
purifications. The block copolymer poly(N-methyl-2-vinylpyridine)-b-poly(ethylene oxide)
(P2MVP128-b-PEQ477) was purchased from Polymer Source and was quaternised following the
procedure described elsewhere.[36] The degree of quaternisation was 80% and was
determined by DLS titration.

All NMR measurements were carried out at 298 K on a Bruker Avance III 600 MHz NMR
spectrometer. Assignments were aided by COSY, HSQC, NOESY, and HMBC experiments.
All mass spectra were acquired using ES ionization on a Thermo Finnigan LXQ Exactive
Mass Spectrometer. Samples were prepared as a dilution series in methanol. Measurements
were done from lowest to highest concentration until there was sufficient signal. Dynamic
Light Scattering measurements (DLS) were carried out on a Malvern NanoSizer ZS, at 173
degree angle, operating at 632.8 nm at 25°C. Samples were incubated for at least two minutes
at 25°C before measuring to reduce temperature dependent fluctuations. The size of the
particles was determined using number based intensity. UV-vis were measured with UV-
1601 Shimadzu Spectrophotometer in 3 mL (1 cm) or 300 puL (1 mm) quartz cuvettes.
Fluorescence spectroscopy measurements were carried out on an Agilent Cary Eclipse
Fluorescence Spectrophotometer using quartz cuvettes of 1 cm path length, excitation and
emission slits were set at 5 nm. Silica columns were prepared with silica of 40-63 um, 60 A.
For Cryo-TEM, samples were cast on copper grids (400 mesh - 150 um average hole size,

Holey carbon), from Electron Microscopy Sciences (EMS, Hatfield, PA, USA). After blotting,



samples were plunged into liquid ethane by using Vitrobot Mark IV instrument. Grids were

then transferred to JEOL 1400 PLUS TEM operating at 120 kV.

4.2.2. SYNTHESIS

The synthesis of diethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate and of pyridine-2,6-
dicarboxylate modified B-cyclodextrin were performed following the procedure described in
literature.[15] The synthesis of ferrocene-modified dipicolinic acid (3) is described in the

following paragraph and NMR assignments can be found in the SI (Figure S4.1.-S4.3.).

SYNTHESIS OF FERROCENE-MODIFIED DIPICOLINIC

ACID (3)

1) (2) (3)
Scheme 4.2. Synthesis of ferrocene-modified dipicolinc acid (Fc-DPA). a) K2CO3, butanone, refluxed

overnight and b) 2% NaOH, MeOH/Hz0, Ns.

399 mg (1.1 mmol) 6-bromo-1-oxohexyl)ferrocene (1) and 250 mg (1.0 mmol) diethyl 4-hydroxy
2,6-pyridinedicarboxylate (2) were dissolved in 10 ml butanone with 1.2 equivalents of
K2COs. The mixture was refluxed overnight. The next day the solid was filtered off from the
solution and the butanone was evaporated. The crude was purified by column
chromatography (1:30 w/w crude/silica) in 2:1 cyclohexane:ethyl acetate.

The product (3) was then deprotected by stirring it in a 2% NaOH solution of degassed

MeOH/water 98:2. After 2 hours, the orange precipitate was collected by filtration, washed



with a small amount of cold MeOH and dried under vacuum. The overall yield of product 3

was 60%.

H NMR spectrum (600MHz, D20), 6 [ppm]: 7.53 (s, 2H, CHpyr)), 4.87 (d, 2H, Hg-
(Fc))-4.74 (d, 2H, Hn-(Fc)),4.30 (m, 5H, Hi-(Fc)), 4.26 (t, 2H, J=12.04 Hz, CH2-O-pyr),
3.37 (MeOH), 2.84 (t, 2H, J=15.23 Hz, CHs-C(=0)-(Fc)), 1.89 (m, 2H, CHa-CH2-O-Pyr),
1.77 (m, 2H, CH2-CH2-C(=0)-Fc¢), 1.58 (m, 2H, CH2-CH2-CH2-C(=0)-(Fc))

1BC-NMR spectrum (600 MHz, D20): ppm 212 (C(=0)-(Fc)), 172 (Pyr-CO2), 166
(O-C-(Pyr)), 154 (C(Pyr)-CO2), 111 (CH-(Pyr)), 77.7 (C-(C=0)-(Fc)), 74 (Cn-
(Fe)), 70.3 (Ci-(Fc)), 69.8 (Cg-(Fc)), 68.4 (CH2-O-pyr), 39.2 (CH2-C(=0)-Fc), 27.7

(CH:2-CHz2-O-(pyr)), 24.8 (CH2-CH32-CH2-C(=0)-(Fc)), 24.5 (CH2-CH32-C(=0)-Fc)

4.2.3. MICELLE PREPARATION

The micelles used in these experiments were prepared using a general protocol (Scheme
4.1.).[15] Stock solutions of the individual components were prepared: Eu3* (56 mM), BCD-
DPA (5 mM), ferrocene-DPA (2 mM), block copolymer PMVPi2s-PEO477 (10 mM charge
concentration) and carbonate buffer (200 mM). Micelles were prepared at room temperature
in a final volume of 0.2 mL. Firstly, water and carbonate buffer (pH 10) were added, at a final
concentration of 20 mM. The Eu coordination complex is formed by adding a fixed amount of
DPA. In this case a DPA moiety is attached both on the host (cyclodextrin) and on the guest
(ferrocene) making the total amount of DPA (x-DPA) equal to BCD-DPA + Fc-DPA. To form
monomeric core-units, a ratio of Eu/x-DPA 1:6 is needed, and this is formed by using a ratio
of Eu:(BCD-DPA + Fc-DPA) 1: (3 + 3). In the second case, a ratio of Eu/x-DPA of 1:3 is required
to form oligomeric core-units, and this is achieved by using a ratio of Eu:(8CD-DPA + Fec-
DPA) 1:(1.5 + 1.5). Fc-DPA was prepared from a fresh solution and sonication was avoided to
prevent ferrocene destabilization. Lastly, the block copolymer was added until charge
neutralization, as shown in Scheme 4.1, after the stock solution was sonicated for at least 10
minutes. Each stock solution was vortexed before the addition of the components. Micelles

were always prepared freshly before the characterization. During all experiments, the



concentration of the components was fixed to be higher than the CMC to prevent the

equilibrium from shifting from micelles towards subcomponents.

4.2.4. H O TREATMENT

After preparing the micelle solution, specific equivalents of H202 were added on top of the
solution. No vortexing nor sonication was applied after the treatment as this would create
gas bubbles which would interfere with the DLS measurements. Therefore, the treatment
can be considered dependent on the diffusion of H2O:z into the micellar solution.

The amounts of H2Oz is given as equivalents with respect to the ferrocene concentration. To
prove that the H202 response was only related to the presence of ferrocene molecules, other
types of micelles, such as metal-to-ligand C3Ms[9] and Ad-Glu-Ad-based C4Ms[15] were
treated with 1300 eq. of H202, and their size and intensity was monitored over one day by

DLS and Cryo-TEM.

4.2.5. STABILITY EXPERIMENT BY ADDING A NON-

RESPONSIVE BISLINKER

In order to tune the stability of Fc-C4Ms against H202, we introduced a non-responsive
bislinker (Ad-Glu-Ad), shown in Scheme 4.1. The synthesis of Ad-Glu-Ad is reported in
literature.[15] Increasing percentages of Fc-DPA were substituted with Ad-Glu-Ad. The
amounts of substituted guest are given as percentage with respect to the cyclodextrin
concentration. DLS and Cryo-TEM were used to measure the size and the polydispersity of

the samples.



4.3. RESULTS AND DISCUSSION

We synthesized a novel compound, named Fc-DPA, as an addition to the toolbox of
components for C4Ms studies. By using the same Fe-DPA (and changing the metal ratio) we
are able to form two different structures in the core of C4Ms and to tune the response
behavior against H2O2 oxidant. In this section the formation, characterization and oxidant—
response of Fc-DPA and Fe-based C4Ms are presented. Further experiments can be found in

the Supporting Information.

4.3.1. MICELLE CHARACTERIZATION

Fc-C4Ms micelles form by mixing europium ions, BCD-DPA, Fc-DPA and block copolymer in
precise stoichiometric amounts. By varying the ratio between europium ions and x-DPA,
different monomeric or oligomeric core-unit structures form in the core of coacervate micelles,
as previously shown in literature.[11] Wang et al. showed that changing the ratio between
europium and DPA ligand from 1:6 to 1:2 increases the number of branches between the
singular monomeric core-units, favoring the formation of oligomeric/polymeric core-units. In
addition to that, by changing the core-structures of C3Ms, they could adjust the luminescent
and magnetic properties.[11] The metal-to-ligand coordination complex between europium
ions and x-DPA was confirmed by measuring the europium emission upon DPA excitation
(antenna phenomenon), (Figure S4.3.). Finally, the block copolymer was added in
stoichiometric amount to the core-units to neutralize the core charges and form the final Fe-
C4Ms. The block copolymer concentration was calculated by titrating the block copolymer to
the monomeric and oligomeric core-units, (Figure S4.4.).

The formation of Fc-based C4Ms was confirmed by DLS and Cryo-TEM. The hydrodynamic
size was determined around 60 nm (SD 8 nm), (Figure 4.1. and S4.5. and S4.6.), comparable
with previous C4Ms.[15] The Cryo-TEM results show typical spherical shaped-micelles, with
a core around 40 nm (SD 7 nm) and shell around 10 nm. No significance difference in the size

is evident between monomeric and oligomeric core-unit-based micelles. This result was



observed also in C3Ms, in which 1:2, 1:3 and 1:6 DPA/Ln ratios were investigated. In all the
three cases the micelles had similar sizes, but different aggregation numbers and different
lanthanide (III) coordination structures in the core, respectively dimeric, polymeric and
monomeric.[11] In our case, although the polydispersity is relatively low, the Cryo-TEM of
Fc-based C4Ms shows also the “size sorting” phenomenon (Figure S4.7.).[13] This
phenomenon consists of the distribution of micelles on different parts of the TEM grid, based
on their size. Smaller micelles distribute at the center of the biconcave layer of the TEM grid,

while bigger micelles concentrated at the edge.[13, 37]
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Figure 4.1. Size distribution of oligomeric a) and monomeric b) core-unit based Fc-C4Ms at the DLS.

Cryo-TEM images of oligomeric ¢) and monomeric d) core-unit based Fc-C4Ms.

The stability of Fc-C4Ms was investigated by DLS, monitoring size, intensity and

polydispersity values over 24 hours. The results did not show any significant variation in



intensity and distribution, confirming that Fc-based C4Ms are stable up to 24 hours (Figures
S54.8. and S4.9.). The stability against dilution (CMC) was also investigated with DLS, by
monitoring the intensity and size values over the addition of a buffer solution. The CMC was
similar for the different core-unit-based micelles around 4 uM of europium ions, (Figures
S54.10. and S4.11.). Furthermore, the salt stability is higher for oligomeric core-unit-based
micelles compared to monomeric core-unit-based micelles, respectively 100 mM of NaCl and
24 mM of NaCl (Figures S4.12. and S4.13.). These stability results indicate that oligomeric
core-unit-based micelles are c.a. four times more stable to salt addition, compared to
monomeric core-unit-based micelles. These stability findings are in good agreement with the
results found in our previous study, showing that monomeric core-unit C4Ms, based on
adamantane bis-acid guest, are less table than oligomeric core-unit C4Ms, based on an

adamantane bislinker.[15]

4.3.2. H.02-RESPONSE

Increasing equivalents of H2O2 were added to monomeric and oligomeric core-unit-based Fe-
C4Ms and the size and intensity were monitored by DLS and cryo-TEM. The addition of 325
equivalents of H202 to monomeric core-unit-based Fc-C4Ms did not show any variation in
size and intensity up to ca. 8 hours (Figure S4.14.). However, after that time, intensity and
size increase, forming large aggregates. This result can be attributed to the oxidation of the
ferrocene to ferrocenium by H202, which provokes the disassociation of the host-guest
complex. After the host-guest dissociate, the core-unit is left only with three negative charges
(per core-unit). As previously demonstrated, three negative charges per core-units are not
enough for stable spherical coacervate micelles and then, the micellar destabilization is
favoured.[15]

This destabilization process is even more evident at high concentrations of H202 (Figures
S4.14. and S4.15.). By adding 650 eq. up to 1500 eq. of H2Og2, the monomeric core-unit based
micelles form big aggregates of 1500 nm. The aggregation, visible from the intensity drop is

subsequent to a slight increase in intensity. This phenomenon is commonly seen for



coacervate micelles and attributed to the change in shape caused by charge mismatches.[38]
This aggregation causes the precipitation of the clusters out of solution and, consequently,
the drop of the intensity. This phenomenon occurs faster at high H202 concentration. On the
other hand, oligomeric core-unit based micelles are stable up to 970 eq. of H2O3. Figure S4.15.
shows that no significant change in size and intensity can be detected for oligomeric core-
unit-based micelles up to 970 eq. of H202. Above this concentration, oligomeric core-unit
based micelles start to aggregate and fall out of solution, similarly to the monomeric core-
units. The rate of this phenomenon is, however, slower for oligomeric micelles, compared to
monomeric core-unit-based micelles, as shown in Figure 4.2. The oxidant-response results
indicate that oligomeric core-unit-based micelles are stable to higher concentrations of H20z,
compared to monomeric core-unit-based micelles, respectively 970 eq. and 325 eq. and that
the time before C4Ms precipitate can be controlled by varying the oxidant concentration.

This destabilization process, favoured by the low number of charges per core-unit, was
confirmed by adding H20:2 to the core-units prior the block copolymer addition. No micellar
structures were detected, confirming that ferrocenium moieties cannot bind to BCD and
trigger the formation of stable Fc-based C4Ms. Moreover, to confirm that the H20:
responsivity is only related to the presence of the ferrocene moieties, we treated other types
of coacervate micelles with the same oxidant. By treating Ad-Glu-Ad-based C4Ms[15] with
1300 eq. of H20g, no significant variation in size and intensity was visible (Figure S4.16.).
Therefore, we confirmed that the destablization of monomeric and oligomeric core-unit-based

Fc-based C4Ms is only based on the oxidation of ferrocene molecules.
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Figure 4.2. H20: response of a) monomeric and oligomeric b) core-unit-based Fc-C4Ms at the DLS, after

1300 eq. H20: treatment.

4.3.3. TUNING THE H20.-RESPONSE BY ADDING A

NON-OXIDANT-RESPONSIVE BISLINKER

In order to increase the stability of oligomeric Fc-C4Ms against H202, we formed core-units
by mixing different percentages of Fc-DPA and the non-responsive Ad-Glu-Ad bislinker,
Figure 4.3. The adamantane molecules of Ad-Glu-Ad can combine multiple Eu(CD-DPA)
complexes together, forming branched network core-unit structures. Moreover, the
association complex between adamantane and BCD (ka around 104 M-1),[39] is not dependent
on H20:2 addition and, therefore, Ad-Glu-Ad should confer more stability to the Fc-based
C4Ms (Figure S4.16.).

Increasing amounts of Fc-DPA were substituted with Ad-Glu-Ad. As Figure 4.3. shows, the
addition of 10% of non-responsive bislinker did not improve significantly the stability of Fec-
based C4Ms against H202. In contrast, by adding from 50% to 90% of non-responsive
bislinker, micelles are more stable, in time, to the destabilization caused by H202. These

results indicate that the stability against oxidant can be tuned not only by changing the core

1500

F 1250

1000

I 750

I 500

I 250

size (nm)



structure from monomeric to oligomeric, but also by including a non-responsive adamantane

bislinker.
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Figure 4.3. C4Ms formed by substituting Fc-DPA with increasing ratios of Ad-Glu-Ad non-responsive
bislinker. By increasing the concentration of Ad-Glu-Ad from 10% Ad-Glu-Ad bislinker to 100%, C4Ms
becomes more stable against oxidant treatment. The normalized intensity is plotted against time, after

the addition of 1300 eq. of H20: .

4.4. CONCLUSION

We successfully synthesized a new ligand-guest molecule based on dipicolinic acid-ferrocene
molecules, which allowed us to form oxidant-responsive Cylodextrin-based Complex
Coacervate Core Micelles with tuneable core structures and properties. Uniquely, oxidant-
responsive Cylodextrin-based Complex Coacervate Core Micelles were formed by combining
three orthogonal supramolecular interactions in the core of C4Ms, namely 1) metal-to-ligand
coordination between europium ions and dipicolinic acid molecules, i1) host-guest interaction
between beta cyclodextrins and ferrocenes and iii) electrostatic coacervation interaction. By
simply adjusting the metal-to-ligand ratio, we changed the core structures from monomeric
to oligomeric and, consequently, improved the stability against H2O2 stimuli. The H20:

response results indicate that oligomeric core-unit-based micelles are stable to higher



concentrations of H202, compared to monomeric core-unit-based micelles, respectively 970
eq. and 325 eq. By increasing the H202 concentration up to 1500 eq., the micelle aggregation
occurs faster, compared to lower oxidant concentrations. The aggregation behaviour of Fc-
C4Ms can be controlled by varying three parameters: a) the oligomeric vs monomeric starting
structure, b) the concentration of H202 and ¢) by substituting 50% or more of ferrocene ligand
with a non-responsive bislinker. We have shown here how the control at molecular level of
the redox state of iron in ferrocene allows the tuning of the micelle formation structure and
the stability against H202 oxidant. These H2Os-responsive ferrocene-based coacervate
micelles might be intereesting for Reactive Oxygen Species (ROS)-mediated drug delivery or

H202-sensing applications.
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Figure S4.1. \H NMR peak assignment of ferrocene-modified dipicolinic acid (Fc-DPA) in D:20.
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Micelle characterization
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Figure S4.3. Emission spectrum of europium ions in the Fc-core-units, exciting the DPA at 280 nm
(antenna phenomenon). The europium emission is not normalized for the europium concentration. As
mentioned in the main text, the oligomeric core-units contains double the concentration of europium ions,

compared to the monomeric core-units.
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Figure S4.7. Cryo-TEM pictures of oligomeric core-unit based Fc-C4Ms a) and b) and monomeric core-

unit based Fc-C4Ms c) and d).
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C4Ms, measured at the DLS.
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H:0:2-response studies

(wu) azis

(wu)azisy (%) Aisuaiul pazijewioN @
(uw) swn
o008 00L 009 00s oov 00E 00e 001 0
0 . . . . . . . Lo
0z 1 v v oz
v 2
w1y v 44 vy v o m
09 v v v @% 09 2
4 N
1 ¢y VvV VAR LA og B
00T \4 5
0zt v ot &
T =
ovt 4 %4 & v 0zt m
vv
oot ¢V v orT 2
08T 09T
00z 08T
(wu)sziIsvy (%) Asusqul pazijewloN @ :U
(uiw) swn
008 00L 009 00s oot 00€ ooz 00T 0
0 4o . AT N ST
0z A ir4
ov A @ 44 v v v v ot M
01V v v % 09 W_
2 og v ﬁ%% 5
] v 08 o
= 00T - %ﬂ d_d_ 5
2 oz d’kffiolt ot &
v 0zt &
ovT ¥ =
09T - o R
08T H 09T
00z 08T

(wu) az1s

(wu) azis

(wu)eziIsV (%) Aisusiul pazijew.oN @
(uw) swn
008 00L 009 00s oov 00€ 00t 001 0
0 41 ! ! L L L L 0
0z - oz
ov |q 1 T rrre, v AV AYAYY, [ OF

0Z1
orT
091
08T
00¢

W VN

TAY
Ty,

2

<

X

3

R

S

Sy

N

0

N

™

S~

S

N n

0 -

v, m =

i y =
09 & =

| v 5 S
o8 o RS

; } 1 I 5 =
| 00T w.. m
S~

- oeT & S

4 .M. Mb
i F ObT % n4p
E 09T S
<3

08T =

U

(wu)azisy  (24) Aisusiul pazijewlonN @ AU m

~

2

(uw) swn S

v

008 00L 009 00s 00t 00€ 00t 00T 0 m
L L L1 - - - ‘it g S
<

3

z 2

=} %

1 3

= <

@ -

i}é = k
5 N

] orE 3
2 g

I oz1 2. N

T = 3
| L
-~ A

E F 09T ~
A

081 )

)

S

S

.2

R

—_—
44}

a) and b) and 650 equivalents c) and d) of H2Oz, for oligomeric core-unit a) and c) and monomeric core-

unit based micelles b) and d), measured at the DLS.



{wu) azis

{wu) azis o o o
888358388398 78 8 BB R .
too T s T e e s 3 5 . . . A g
4 .‘ co
< ‘o
4 < 8
4 < - 8 < S -
< T T <4 §
<q E ) E
g ¢ [ 3 8
N 4 4 a
3 q < g
- 8 _ q B _ g
= ¥ < < £ 3
E z < 8-5 ‘G
8-.- B ﬂ < Qo 5
< o c £ ]
E e < = £
8~ 3 ad '8 3
L] ] <] =
L) <] ©
= 43 £
E [ 8 5
8 o 4$ ~ =2
~ = < ]
e |a b )
o® L 8
=3 e L) =1
=1 ... < q
..... 90— —T o
° 288888888 -°
© (%) Arisuaqu paziewson
(wu) azis
o o o
= § 8§ B8 § 8 .
8 LG TR R e
[ 4
g R o
L~
[ - q < ~ .
F o £ q< E
[ © o 8 -
[ = q =] L]
i < < 4
.§ qﬁdq 8
- & -
[ E é’i 44 < = §
g £ £ 4 E £
AR B B ¥y
& £ q4 E £
8 g 4 a9 %e® 8 ki
| Y ¥
[ E ® E
8 2 4 ;fﬂ ﬂ-§ 2
[ ® 44 '. L ]
F 8 g
T T .’0. T T T =} o
ﬁgggggggggo —_— ﬂﬂgﬁ
m o

(%) fasuaiul pazijewioN

(%) Asuaiul pazijewion

Figure S4.15. Normalized intensity and size over time of Fc-C4Ms after the addition of 970 equivalents
a) and b) and 1500 equivalents c) and d) of H20z, for oligomeric core-unit a) and c¢) and monomeric core-

unit based micelles b) and d), measured at the DLS.



Addition of a non-responsive bislinker
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The vials b,d and f were treated with 1300 eq of H20:s.

Figure S4.17. Pictures of the destabilization study of oligomeric a) and b) and monomeric ¢) and d)

core-unit Fc-C4Ms. The vials e and f represent the control C4Ms, prepared with Ad-Glu-Ad bislinker.

Table S4.1. Intensity of the Fc-based C4Ms controls, measured at the DLS.

Name I (Mcps)
Eu na
LCD-DPA na
Fc-DPA na
BP na
Eu fCD-DPA na
Eu Fe-DPA na
Eu BP na
Eu Fe-DPA BP 0.3
Eu fCD-DPA BP 0.4
Fc-DPA BP 0.2
Fe-DPA BCDDPA na
pCD-DPA BP na
monomeric core-unit based Fc-C4Ms 22
oligomeric core-unit based Fc-C4Ms 45
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CHAPTER 5

Light-responsive Cyclodextrin-based Complex
Coacervate Core Micelles




ABSTRACT

In the past decades, polymeric micelles have received increasing attention due to their
promising applications in several fields, from catalysis to drug delivery. The design of stimuli-
responsive polymeric micelles, e.g. controllable with light-triggers, might open a way to design
advanced materials and finely controlled cargo release systems. Most of the light-responsive
micelles reported in literature disassemble upon a mismatch in the polymer hydrophobic-
hydrophilic balance, caused by a light trigger. Here, we present azobenzene and Cyclodextrin-
based Complex Coacervate Core Micelles, in which the disassembly is not driven by the

hydrophobic/hydrophilic misbalance, but rather by lowering the charge per core-unit. We
designed two new micellar-core building blocks, accyclodextrin functionalized dipicolinic acid

and azobenzene-functionalized dipicolinic acid. Here, we show that we can drive the assembly
and the reversible disassembly of azobenzene-based C4Ms, by controlling the charge per core-
unit with light-stimuli that changes the azobenzene from trans to cis, disrupting the

supramolecular interaction with the oacyclodextrin. The response behaviour towards light

stimuli can be tuned by changing the core structure from monomeric to oligomeric as well as
by mixing in non-DPA functionalized azobenzene moieties. Preliminary studies with methyl
red indicate that Azo-based C4Ms can be used to solubilize poor water-soluble dyes and
trigger their release under light stimuli. Azobenzene-based Cyclodextrin-based Complex
Coacervate Core Micelles might have promising application, e.g. light-controlled drug

delivery.

This chapter has been adjusted from the form: Camilla Facciotti, Vittorio Saggiomo, Karthik
Gangadharaiah, Anton Bunschoten, Rebecca Kaup, Suzanne Jansze and Aldrik H. Velders (2019)."

Light-responsive Cyclodextrin-based Complex Coacervate Core Micelles " (manuscript in preparation)



5.1. INTRODUCTION

Polymeric micelles, which form through the self-assembly of block copolymers in a specific
solvent, are well-investigated due to their potential applications from biomedical diagnostics
and therapeutics to catalysis.[1-8] Responsive polymeric micelles, able to disassemble upon
external triggers, are of growing interest.[9-11] Understanding the way to program and
control these triggers might open a way to design advanced materials and devices, e.g. highly
controlled drug delivery systems.[12] Within the available triggers, light has long been
recognized as an ideal stimulus for the possibility of controlling in time and space and, in the
last decade, the development of light-controllable block copolymer micelles has seen an
increasing progress.[1, 13-15] Azobenzene, spyropyrene, nitrobenzyl-ester, coumarin and
anthracene groups are the most used photoresponsive molecules for light-responsive
micelles.[5, 13, 16] Especially azobenzene is one of the most studied photosensitive molecules,
due to its reversible conformational change, activated by irradiating in the UV-Vis range.[17-
20] This conformational change consists of an isomerization from t¢rans to cis isomer,
promoted by 365 nm irradiation, associated with a strong polarity change, from a dipole
moment of 0 Debye to 3 Debye, respectively in the ¢érans and cis form.[18] This isomerization
can be reversed under visible light, restoring the ¢rans isomer. Most of the light-responsive
micelles reported in literature exploit this change in polarity to favor a mismatch in the
hydrophobic-hydrophilic balance and trigger the micelle disassembly.[9, 21-26] The
supramolecular interaction between azobenzene and acyclodextrin is well-reported as light-
responsive host-guest couple (ka ca. 103 M), due to the reversible release of the cis

azobenzene from the accyclodextrin cavity, given visible light stimuli.[5, 12]

In this chapter, we synthesized two novel building blocks based on azobenzene and

cyclodextrin, namely azobenzene-modified dipicolinic acid (Azo-DPA) and ocycldoextrin-

modified dipicolinic acid (xCD-DPA), to form Azobenzene-based Cyclodextrin Complex

Coacervate Core Micelles (Azo-C4Ms). We can control the assembly, disassembly and re-
assembly of these Azo-C4Ms in a photo-controlled and unique fashion, not by changing the

hydrophobic/hydrophilic balance, but rather by lowering the charge per core-unit number.



The formation of Azo-C4Ms relies on the combination of three different supramolecular
orthogonal interactions, namely 1) metal to ligand, between europium ions and dipicolinic
acid ligands 1i) host-guest, between cyclodextrins and azobenzene molecules, and iii)
coacervate interactions between the negative charges in the core and the positively charged
part of the block copolymer, (Scheme 5.1). By simply changing the ratio between the metal
and the ligand, we can tune the core structure formation, from monomeric to oligomeric-
based core-unit and, consequently, the light response.

In chapter 2, we determined the lower limit of the core-unit charge, required to form stable
well-defined monomeric-based coacervate micelles.[27] We combine the low number of
charges per core-unit with light-stimuli to promote the disassembly of Azo-C4Ms. Upon UV-
light irradiation, the azobenzene isomerization to cis causes not only the disruption of the
host-guest complex, but it also leaves the core with a too low number of charges to form stable
and well-defined micelles. As we proved previously, coacervate micelles with a number of
charges per core-unit below or equal to six are more prone to disassemble.[27] However, by
shining visible-light, the cis azobenzene molecules isomerize back to the trans form, restoring
the host-guest complex with cyclodextrin and, thus, driving the micelle re-assembly.

We show that we can drive, reversibly, the formation and the disassembly of azobenzene-
based C4Ms, by controlling the number of charges per core-unit and the light-stimuli. We
demonstrated that monomeric and oligomeric-based Azo-C4Ms have different responses
towards light stimuli and that we can tune the response by lowering, additionally, the charge
introducing an azobenzene-monoacid (Azo-ma). Preliminary studies with methyl red indicate
that Azo-based C4Ms can be used to solubilize poorly water soluble dyes and trigger their

release under precise light stimuli.



9-

¢
a L 3%
I WOV PO, . LT v
/ weot . Vis -t

y:

d\"ﬁ?‘f
monomeric
core-unit FMYParPEOs, g
o w Lol b CO?;?SS?S:; . disassembled
«CD-DPA  Azo-DPA g 4 AZ0-C4Ms state
Eu™ x-DPA Mg
3
a| f
& &%,
2ot %
;@ﬂjf’j‘@“ Y f ng""a o
°c"3l%”:;rl't° PMVP,,,-PEO,,, g
oligomeric :
core-unit based dlsass?:trg bigd
Azo-C4Ms
o, Y o Azo-DPA
N Azo- Azo-

¢ o b
© . "I oCD-DPA DPA DPA
S0 Mo trans cis
X o- uv
~ —>
Q’d L2 Azo-ma fjs_/ + f
;N—N VIS
Wi

/9

1
1

, e UV, &
T Y&~ Pmvp,-PEO,, 64 iy = QQ?“
N\’ ) C} o VIS N=N o_(o

Scheme 5.1. Representation of the Azo-C4Ms formation. Europium ions are mixed with aCD-DPA and
Azo-DPA molecules to form the core-unit structures. The block copolymer addition, until charge
neutralization, allows the formation of the final Azo-C4Ms structure. By adding 1:6 ratio of Eu:x-DPA,
(with x-DPA= aCD-DPA+Azo-DPA), the formation of monomeric core-unit structures is favoured. While,
by adding 1:6 ratio of Eu:x-DPA, we favour the formation of branched oligomeric core-unit structrues.
By shining UV-light, the azobenzene is isomerized to cis and removed from the cyclodextrin cavity,
favouring the micelles dissociation. By shining visible light, the azobenzene isomerises back to trans,
restoring the host-guest complex and the micelle re-assembly. In the box, all the building blocks, such as
a-CD-DPA, Azo-DPA, Azo-ma, BP, including the reversible isomerization of Azo-DPA, are shown in their

molecular structures and symbolic representations.



5.2. EXPERIMENTAL SECTION

In the following section, we provide the experimental details regarding Azo-C4Ms formation
and reversible disassembly, driven by light-stimuli. Further analysis and controls can be

found in the SI.

5.2.1. MATERIALS AND METHODS

acyclodextrin monoazide, triethylamine, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine

(TBTA), 4-(Phenylazo)benzoic acid and (E)-1-(4-(bromomethyl)phenyl)-2-phenyldiazene were
purchased respectively from Cyclodextrin Shop, VWR, TCI, Sigma Aldrich and BOC Sciences
and used without further purification. Europium(III) nitrate pentahydrate, copper iodide,
diethyl 4-hydroxy 2,6-pyridinedicarboxylate, potassium carbonate and sodium carbonate
were purchased from Sigma Aldrich and were used without further purifications. The block
copolymer poly(N-methyl-2-vinylpyridine)-b-poly(ethylene oxide) (P2MVPi2s-b-PEQ477) was
purchased from Polymer Source and was quaternised following the procedure described

elsewhere.[28] The degree of quaternisation was 80% and was determined by DLS titration.

All NMR measurements were carried out at 298 K on a Bruker Avance III 400 MHz, 500
MHz, or 600 MHz NMR spectrometer with cryo-probe. Assignments were aided by COSY,
HSQC, NOESY, and HMBC experiments. All mass spectra were acquired using ES ionization
on a Thermo Finnigan LXQ Exactive Mass Spectrometer. Samples were prepared as a
dilution series in methanol. Measurements were done from lowest to highest concentration
until there was sufficient signal. Dynamic Light Scattering measurements (DLS) were
carried out on a Malvern NanoSizer ZS, at 173 degree angle, operating at 632.8 nm at 25°C.
Samples were incubated for at least two minutes at 25°C before measuring to reduce
temperature dependent fluctuations. Measurements were averaged by three runs each
consisting of six scans, ten seconds each. The size of the particles was determined using
number based intensity. UV-Vis were measured with UV-1601 Shimadzu Spectrophotometer

in 3 mL (1 cm) or 300 uLL (1 mm) quartz cuvettes.



Fluorescence spectroscopy measurements were carried out on an Agilent Cary Eclipse
Fluorescence Spectrophotometer using quartz cuvettes of 1 cm path length, excitation and
emission slits were set at 5 nm. Silica columns were prepared with silica of 40-63 um, 60 A.
For Cryo-TEM, samples were cast on copper grids (400 mesh - 150 um average hole size,
Holey carbon), from Electron Microscopy Sciences (EMS, Hatfield, PA, USA). After blotting,
samples were plunged into liquid ethane by using Vitrobot Mark IV instrument. Grids were

then transferred to JEOL 1400 PLUS TEM operating at 120 kV.

5.2.2. SYNTHESIS

The synthesis of diethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate was performed

following the procedure described in literature.[27] The synthesis of azobenzene-modified
dipicolinic acid and of pyridine-2,6-dicarboxylate modified accyclodextrin are described in the

following section, while their NMR assignments can be found in the SI.

SYNTHESIS OF AZOBENZENE-MODIFIED DIPICOLINIC
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Scheme 5.2. Synthesis of azobenzene-modified dipicolinc acid (Azo-DPA); a K2COs, butanone, N2, 85 °C,

b K2CO3s, H20/EtOH, 80 °Crefluxed.

Monobromo azobenzene (1) (0.50 g, 1.8 mmol), diethyl 4-hydroxypyridine-2,6-dicarboxylate
(2) (1.66 g, 7.0 mmol) and K2CO3 (1.00 g) were added in a 50 mL flask equipped with a stirring

bar. Butanone (25 mL) was added and the mixture was put under N2. The reaction mixture



was stirred at 85°C for 17 h and monitored with TLC (20% DCM in hexane). The butanone
was evaporated under reduced pressure, DCM (20 mL) was added, the mixture was filtered
and the solid was washed with DCM (20 mL). The liquid phase was evaporated under reduced
pressure and the residue was re-crystallised from butanone (10 mL), to yield the pure orange
crystals (0.48 g, 1.1 mmol, 60%).

The latter (0.30 g, 0.7 mmol) and K2COs (1.00 g) were added in a 50 mL flask equipped with
a stirring bar. Water (10 mL) and ethanol (5 mL) were added and the mixture was refluxed
at 80 °C for 17 h. To check the completion of the reaction, a small sample of the reaction
mixture was taken and DCM was added, this DCM layer was spotted on TLC and run in 20%
DCM in hexane to see if there was any starting material present. After the reaction was
complete, ethanol was evaporated under reduced pressure and water (200 mL) was added to
the reaction mixture until all the solid material was dissolved. The pH was slowly lowered to
pH 6.7 with HCI1 (1 M). Next, the reaction mixture was put on ice and then filtered to yield

the pure orange solid of (3) (0.12 g, 0.3 mmol, 46%).
TH-NMR (600 MHz, D20), 6[ppm]: 7.94-7.84 (m, 4H, CHs-(C-2CH-2CH-C(ph)), N-(C-2CH-

2CH-CH(ph))y), 7.84-7.70 (m, 2H, CHs-(C-2CH-2CH-C(ph)):, 7.68-7.56 (m, 5H, CH(pyr):, N-
(C-2CH-2CH-CH(ph));,, N-(C-2CH-2CH-CH(ph)),), 7.56-7.51 (s, 2H, CH(pyr)o), 7.51-7.43 (m,
2H, CH-(C-2CH-2CH-C(ph))o), 7.33-7.22 (m, 3H, N-(C-2CH-2CH-CH(ph))., N-(C-2CH-2CH-
CH(ph))o), 7.01-6.96 (m, 2H, CH2-(C-2CH-2CH-C(ph)).), 6.95-6.89 (m, N-(C-2CH-2CH-

CH(ph))o).

13C-NMR (600 MHz, D20), 6[ppm]: 172.5 (pyr-C=0), 166.6 (O-C(pyr)), 155.2 (C(pyr)), 152.1
(CHs-(C-2CH-2CH-C(ph))tc), N-(C-2CH-2CH-CH(ph))t.c), 139 (CHa-(C-2CH-2CH-C(ph))t), 131
(N-(C-2CH-2CH-CH(ph))y), 129.5 (N-(C-2CH-2CH-CH(ph));), 128.8 (CHs-(C-2CH-2CH-
C(ph))y), 128.5 (CHz-(C-2CH-2CH-C(ph))c), 122.7 (CHs-(C-2CH-2CH-C(ph))r), 122.3 (N-(C-
2CH-2CH-CH(ph))), 120.9 (CHz-(C-2CH-2CH-C(ph)).), 120.7 (N-(C-2CH-2CH-CH(ph)).), 112

(CH(pyr))e, 111.6 (CH(pyr))t, 69.7 (CH2-O-pyr).

The calculated isotropic mass [M-H]- for 8, M= C20H15N305 is 376.10. The experimental mass

is 376.09 ((M-H]").



SYNTHESIS OF PYRIDINE-2,6-DICARBOXYLATE-MODIFIED
o« CYCLODEXTRIN (6)
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Scheme 5.3. Synthesis of the pyridine-2,6-dicarboxylate-modified acyclodextrin (6); a) H:0, THF,

TBTA, Cul, b) K2COs, H20, 70°C.

Compound 6, pyridine-2,6-dicarboxylate-modified acyclodextrin, was prepared by adjusting
the procedure in literature for Bcyclodextrin.[27] The synthesis was adjusted by using
acyclodextrin instead of Beyclodextrin and by leaving the reaction for four hours, instead of

overnight.

THF and water were purged with nitrogen for two hours. Compound 4 (100 mg, 0.10 mmol)
was mixed in a 100 mL round bottom flask with water (20 mL) and THF (10 mL). To this
flask, 5 (565 mg, 0.20 mmol), TBTA (6 mg, 0.01 mmol) and Cul (38 mg, 0.20 mmol) were added.
The reaction was left stirring under N2-atmosphere for four hours and the reaction was
monitored with TLC. The volume of the reaction mixture was reduced to 5 mL, by
concentrating it in vacuo. The crude reaction mixture was added directly to a reversed phase
C18 silica column (water: methanol from 2:1 to 1:1).

The purified intermediate (27 mg, 0.02 mmol) was deprotected by dissolving it and K2CO3
(41 mg, 0.60 mmol) in water (20 mL). The reaction was heated to 70°C and left stirring

overnight. After concentration in vacuo, the product (6) was purified by dialysis (MW cut-off



500-1000 KDa) over three days, replacing the water twice a day. Water was evaporated. The

final yield was 27 mg (21%, 0.02 mmol).

1H-NMR spectrum (600 MHz, D20), 6[ppm]: 8.17 (s, 1H, CH triaz.), 7.75 (s, 2H, CH
pyr), 5.37 (s, 2H, pyr O-CHyz), 5.09 (d, J=3.6 Hz, 1H, H:1”), 5.05 (m, 1H, Hetg), 5.03-4.96
(m, 5H, H1), 4.95-4.91 (m, 1H, Hr’), 4.87-4.91 (m, 1H, Hetg), 4.14 (t, J=19 Hz, 1H, Hy),
4.0-3.70 (m, 20H, He Hs Hs), 3.69-3.39 (m, 16H, Hz Hy), 3.10 (d, J=13 Hz, 1H, He%),

2.74 (d, J= 11 Hz, 1H, He%).

The calculated isotropic mass [M-H]2 for 6, M= C47HesN4Os35 is 623.18. The experimental

mass is 623.80 ([M-H]%).

5.2.3. MICELLE PREPARATION

The micelles used in these experiments were prepared using a general protocol (scheme

5.1).[15] First stock solutions of the individual components were prepared: Eu3* (5 mM),
oCD-DPA (5 mM), Azo-DPA (5 mM), block copolymer P2MVP128-b-PEO477 (10 mM charge
concentration) and MES buffer (200 mM). Micelles were prepared at room temperature in a
final volume of 0.2 mL, under sonication. First water and MES buffer (pH 7) were added, at

a final concentration of 20 mM. The Eu coordination complex is formed by adding a fixed

amount of x-DPA. In this case a DPA moiety is attached both on the host (cyclodextrin) and

on the guest (azobenzene) making the total amount of DPA (x-DPA) equal to aCD-DPA +
Azo-DPA. The europium coordination complex is, therefore, based on a dynamic equilibrium

between the aaCD-DPA and the Azo-DPA ligand, forming these possible structures: [Eu (Azo-
DPA)3], {Eu [(Azo-DPA):z (a«CD-DPA)]}, {Eu [(Azo-DPA) (aeCD-DPA)2]} and [Eu (e CD-DPA)s].

To form monomeric core-units, a ratio of Eu/x-DPA 1:6 is needed, and this is formed by using

a ratio of Eu:(cCD-DPA + Azo-DPA) 1: (3 + 3). In the second case, a ratio of Eu/x-DPA of 1:3

is required to form oligomeric core-units, and this is achieved by using a ratio of Eu:(aCD-



DPA + Azo-DPA 1:(1.5 + 1.5). Lastly the block copolymer was added until charge
neutralization, as shown in Scheme 5.1, after the stock solution was sonicated for at least 10
minutes. Each stock solution was vortexed before the addition of the components. Micelles
were always prepared freshly before the characterization. During all experiments, the
concentration of the components was fixed to be higher than the CMC to prevent the
equilibrium from shifting from micelles towards monomers.

The stability experiment was designed to weaken the structure of monomeric-based Azo-

C4Ms and make them more prone to disassemble, by substituting Azo-DPA with Azo-ma.
The micelle solution was prepared by mixing europium ions with acyclodextrin-DPA in the

same ratio as the procedure for the monomeric based Azo-C4Ms described above. To the
coordination complex, Azo-ma/Azo-DPA were added in different ratios, such as 33%, 90% and
100%. Finally, the block copolymer was added to the core-unit, to form the desired micelle.
All the parameters, such as pH, order of addition, sonication and temperature were kept the
same as the preparation of the conventional Azo-C4Ms. Azo-ma stock solution was prepared

at a concentration of 5 mM.



5.2.4. LIGHT TREATMENT

UV Irradiation experiments were conducted using a HeroLab UV-8S/L UV-lamp at 365 nm.
The UV-Lamp was placed under a home-made box, equipped with a black cover, to avoid
external light interference. 1 mL of micelle solution in a quartz cuvette was placed under the
UV-lamp 5-10 cm away from the lamp, for different times. For the visible light irradiation,
the cuvettes were placed at day light in the open labspace. The micelle size and intensity
were monitored by DLS and Cryo-TEM. The isomerization transition was monitored by UV-

Vis spectroscopy.

5.2.5. METHYL RED ENCAPSULATION

A stock solution of 0.15 mM methyl red was prepared by dissolving the powder in ultrapure

water. The encapsulation of methyl red dye was achieved by mixing first europium ions and
ocyclodextrin-DPA and, secondly, the dye and the Azo-DPA. The block copolymer was added

as last component for the micelle formation. For the release experiment, a water/DCM
biphasic system (1:1, 2 mL) was prepared in two glass vials. Micelles were added to both
vials. One vial was treated with 10 min 365 nm light, while the other was kept in the dark

and considered the control.



5.3. RESULTS AND DISCUSSION

In this section the formation, characterization and light-response of Azo-based C4Ms are

presented. First, we start describing the new micellar subcomponents, the synthesis and

characterization of Azo-DPA and aCD-DPA .

5.3.1. MICELLE CHARACTERIZATION

Azo-based C4Ms were first constructed by mixing europium and x-DPA ligands («CD-DPA

+ Azo-DPA) to form the metal-to-ligand coordination, as shown in Scheme 5.1. The

coordination between the europium and the ligand is based on a dynamic equilibrium

between the a«CD-DPA and the Azo-DPA ligand, forming these possible structures: [Eu (Azo-
DPA)3], {Eu [(Azo-DPA):2 (acCD-DPA)[}, {Eu [(Azo-DPA) (aeCD-DPA)z]} and [Eu (e CD-DPA)s].

Fluorescence spectroscopy was used to confirm the metal-to-ligand coordination structure,

by showing the europium emission upon DPA ligand excitation at 280 nm (antenna
phenomenon, Figure S5.4). The host-guest complex between azobenzene and ocyclodextrin

molecules formed the so called “core-unit” structures. By simply changing the ratio between
europium and DPA ligand, the core-unit structure can be tuned between monomeric and

oligomeric, as shown in Scheme 5.1.[27, 29] The association constant between azobenzene
and ocyclodextrin molecules is already well-reported in literature (ka 3-104 M-1).[12, 30] We

confirmed the complex formation by using DOSY, which showed the same diffusion
coefficient between the CD and the trans azobenzene molecules (Figure S5.5). In Figure S5.5
the cis and the trans diffusion coefficients of the azobenzene molecule are well-separated,
indicating that only the ¢rans molecule form a complex with the cyclodextrin. The addition of
the block copolymer to the host-guest complex neutralizes the negative charges in the core
and allows the formation of Azobenzene-based Cyclodextrin-based Complex Coacervate core
Micelles, or Azo-C4Ms. The size of Azo-C4Ms was measured by using DLS and Cryo-TEM.

The hydrodynamic radius was found around 40 nm (SD 8 nm) for both monomeric and



oligomeric-based Azo-C4Ms (Figure 5.1.). The fact that the size does not change by varying
the core structure is not uncommon for coacervate micelles. It was already reported that by
changing the type of metal-to-ligand coordination or by increasing the dendrimer generation
in the core, the size of these coacervate micelles was constant.[29, 31] The Cryo-TEM pictures
show similar sizes compared to the DLS and confirmed the spherical shape. Surprisingly,
Figure 5.1. ¢) and d) show a well-organized distribution of micelles, almost perfectly spaced
between each other, similarly to a crystal lattice structure. This result is not common for
coacervate micelles, that often experience a size-sorting distribution on biconcave layer of the
Cryo-TEM grid.[32, 33] Only few comparable structures to the ones in Figure 5.1. were
reported in literature and described as micellar photonic crystals (MPC) or micellar photonic
fluids (MPF), for their crystalline core structures.[34, 35]

The Critical Micelle Concentration (CMC) for Azo-C4Ms is measured by DLS, by diluting the
micelle solution with MES buffer and by monitoring the intensity and size decays (Figures
S5.7. and S5.8.). The CMC was found to be ca 32 pM and 47 pM for monomeric and oligomeric,
respectively. The Critical Salt Concentration (CSC) was determined by titrating NaCl salt to
the two types of Azo-C4Ms and by monitoring the intensity and size changes by DLS, (Figure
S5.9. and S5.10.). The CSC results show that oligomeric Azo-C4Ms are twice more stable to
salt, compared to monomeric-based Azo-C4Ms, respectively around 600 mM and 300 mM of
NaCl. These CMC and CSC results indicate that Azo-C4Ms are more stable against dilution
and 1onic strength, than similar C4Ms.[27] These improvements in stability can be attributed
to the introduction of the azobenzene moiety to the C4Ms, which can increase the driving
force of the self-assembly process, resulting in the micelle formation at low component

concentration or at high salt concentration.[36]
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Figure 5.1. Size distribution of oligomeric a) and monomeric b) core-unit based Azo-C4Ms at the DLS.

Cryo-TEM images of oligomeric ¢) and monomeric d) core-unit based Azo-C4Ms.

5.3.2. LIGHT-RESPONSE

In the following section, the photo-response behavior of Azo-C4Ms was studied upon
subsequent exposure to UV and Vis light. Prior to irradiation, the Azo-DPA is present in the
solution mainly in its most stable form, the trans form. Figure S5.11. shows the two
characteristic absorption peaks of the azobenzene, 1) at 325 nm belonging to the trans m-o*
transition and ii) at 430 nm, belonging to the cis n-i* transition.[18] Upon irradiating both
micelle solutions for 2 minutes with UV light, the absorption band at 325 nm decreases
significantly, while the 430 nm peak increased. This change is attributed to the isomerization
of the trans peak to cis form. By exposing the micelle solutions to 30 min of UV light, no
significant additional decrease of the trans peak is visible, compared to the 2 minutes
irradiation. This result proves that the isomerization required only ca. 2 minutes and that it

is not 100% trans to cis conversion, but rather ca. 80%. Upon consequently exposing it to



visible light for 6 minutes, the absorption band at 325 nm reappeared, indicating that the cis
peak isomerized back to trans. This experiment was repeated for multiple cycles to confirm
the isomerization reversibility. Similar kinetics were found for monomeric and oligomeric
Az0-C4Ms (Figure S5.11.-S5.13. and S5.15.). These results indicated that the isomerization
of the Azo molecule occurs for all the sample and that it is reversible.

After UV-exposure, monomeric and oligomeric Azo-C4Ms were measured with DLS and Cryo-
TEM techniques. Both techniques showed similar sizes, compared to the ones prior
irradiation, around 42 nm (SD 7 nm), as shown in Figure S5.14. For other types of light-
responsive micelles the shift in the hydrophobic/hydrophilic balance can trigger the swelling
or the deformation of the micelles, by changing the polarity of the azobenzene.[1, 5, 37] This
increase in polarity does not alter significantly the core size structures.[1, 13] However, in
some cases this small change could still be exploited to release some cargoes.[24] Despite the
fact that the size remained the same, a 20% decrease in intensity was visible for the
monomeric-based Azo-C4Ms (Figure 5.2.). While, oligomeric -based Azo-C4Ms showed a
difference in intensity of only 10%. The intensity decrease might be caused by the partial
cleavage of the micelles, which would lead to a small loss in the count number. These findings
suggested that, even if the azobenzene isomerizes to cis and the host-guest complex

dissociates, Azo-C4Ms cannot be destabilized until complete disassembly.
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Figure 5.2. Light response of a), ¢) oligomeric and b, d) monomeric core-unit-based Azo-C4Ms at the

UV-Vis (top) and at the DLS (bottom),

5.3.3. INCREASING DISASSEMBLY

In order to boost the micelle instability and disassembly, we exploited the knowledge
acquired on the lower limit of core-unit charges.[27] From our previous work, we determined
the lowest limit of core-unit charges required to form stable and well-defined structures. By
lowering the number of charges of the monomeric core-unit from 9- to 6-, we can expect to
weaken the Azo-C4Ms and favor the micelle disassembly under light stimuli. For this goal,
we substituted the Azo-DPA with an azobenzene monoacid (Azo-ma), as shown in Scheme
5.1. The Azo-ma does not allow the formation of branched oligomeric structures and favors
the formation of a core-structure with lower number of charges. By increasing the ratio
between Azo-ma/Azo-DPA, we can form Azo-C4Ms with a progressively lower number of
charges per core-unit. Figure S5.16 shows that by substituting 33% of Azo-DPA with Azo-
ma, the difference in intensity between the two isomers is 35%, considerably higher than the

difference of the monomeric and oligomeric Azo-C4Ms (Figure 5.3.). By substituting 90% and



100% of Azo-DPA with Azo-ma, the disassembly is even more marked, than at low

substitution percentage. However, the results in Figure S5.16. shows that the size does not

remain stable over the cycles and is considerably higher, compared to oligomeric and

monomeric-based Azo-C4Ms. This result might be related to the formation of not-well defined

rather big aggregates, as observed for micelles with low number of charges per core-units.[27]
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Figure 5.3. Left: UV-Vis cycle of Azo-C4Ms in which 33% of Azo-DPA was substituted with Azo-ma, the
absorption at 325 nm and 430 nm is plotted over the number of repeated cycles. Right: DLS cycle of Azo-
C4Ms in which 33% of Azo-DPA was substituted with Azo-ma, in which the intensity and the size are

plotted over the number of repeated cycles.

5.3.4. ENCAPSULATION AND RELEASE

Methyl red was selected as a hydrophobic model dye to study the ability of Azo-C4Ms to
encapsulate and release cargoes under light stimuli. A water-DCM biphasic system was used
as a direct visualization method. First, Figure 5.4. shows that Azo-C4Ms are indeed able to
solubilize the MR dye in the water phase (upper part of the vial). Second, given 10 minutes
of UV light, the MR was released from the Azo-C4Ms and transfered into the organic phase,
Figure 5.4. a. This preliminary result suggested that Azo-C4Ms can encapsulate poor water-

soluble dyes and release them upon light stimuli.



a) 10 min UV exposure
b) control

A 4

Figure 5.4. Sequential pictures of monomeric Azo-C4Ms in a biphasic system of water and DCM, before
and after UV-light treatment. Vial a) was treated with UV-light for 10 minutes, while vial b) was kept

in the dark for 10 minutes and used as control.

5.4. CONCLUSION

Here, a novel azobenzene-modified dipicolinic acid molecule was successfully synthesized to
form azobenzene-based Cyclodextrin Complex Coacervate Core Micelles of 40 nm. The
disassembly of these micelles was finely controlled by combining a low charge per core-unit
with an UV-light trigger. By simply varying the europium to ligand ratio, we tuned the core
structure, from monomeric to oligomeric-based core-unit, and, consequently, the stability
against light stimuli. Preliminary studies on methyl red indicated that these micelles are
able to encapsulate poor water-soluble dyes and to release them upon exposure to UV-light.
Azobenzene-based Cyclodextrin-based Complex Coacervate Core Micelles might have

promising application, e.g. light-controlled drug delivery.
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Figure S5.3. \TH-NMR of pyridine-2,6-dicarboxylate-modified acyclodextrin (6) in D20.

Micelle characterization
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Figure S5.4. Fluorescence spectra of oligomeric (black) and monomeric (red) core-units, by exciting the

DPA ligand at 280 nm and monitoring the europium emission (antenna phenomenon).
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Figure S5.5. DOSY of oligomeric core-unit in D20. Pyridine-2,6-dicarboxylate-modified acyclodextrin

(6) and trans azobenzene guest have similar diffusion coefficient (black line), while cis azobenzene does

not couple with aCD (red line).

Figure S5.6. Cryo-TEM pictures of oligomeric (left) and monomeric (right) based Azo-C4Ms.



120 150

— 100 - o L 125

S °

>

£ 80 - - 100

§ [

£ 60 4 - 75

T [ ]

8

T 40 - o L 50

£ ABAAD AB 4 BB A A A A

Z 20 o * - 25
0 Am meaee’ 0

0 0.02 0.04 0.06 0.08 0.1 0.12

Europium ion concentration (mM)

e Normalized intensity (%) A Size(nm)

Figure S5.7. Critical Micelle Concentration (CMC) of the monomeric micelles with Europium ion

concentration (mM) plotted against Intensity (kcps).

120 150
100 - ° o L 125
&\c: o
>
£ go - ¢ L 100
[ o
g °
-E 60 - L 75
kS o®
f_g 40 - ° A - 50
3 aaB AL A aAB B A B
Z 0 - N ° L 25
o
[ ]
0 — Afnee®® : : : 0
0 0.05 0.1 0.15 0.2 0.25

Europium ion concentration (mM)

® Normalized intensity (%) A size (nm)

Figure S5.8. Critical Micelle Concentration (CMC) of the oligomeric micelles with Europium ion

concentration (mM) plotted against Intensity (kcps) and size (nm).

size (nm)

size (nm)



120

g 100 ¢
>
2 80 4
e o ©
b
S 60 ©
©
S *« °
= 40 A
E A, AM01 A A
£ A A
o AA A
Z 20 = .

[ ] PY °

[ ] [}
0 T T T T
0 200 400 600 800 1000

NaCl concentration (mM)

©® Normalized intensity (%)

A Size (nm)

150

125

100

75

50

25

0

1600

Figure S5.9. Critical Salt Concentration (CSC) of the monomeric micelles with NaCl concentration

(mM) plotted against intensity (%).

120 150
[ ]

100 ¢ © L 125

< °

Z

£ go - L 100

3 °

- [ ]

[

S 60 - ° - 75

7]

N [ ]

g 407 AprnlR A A %0

5 A A pALAA a °

Z 20 - o - 25
0 T T T T T 0

0 200 400 600 800 1000 1600

Europium ion concentration (mM)

® Normalized intensity (%) A size (nm)

Figure S5.10. Critical Salt Concentration (CSC) of the oligomeric micelles with NaCl concentration

(mM) plotted against Intensity (%).

size (nm)

size (nm)



Light-response studies
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Figure S5.11. UV-Vis spectra of Azo-DPA, exposed to UV (top) and Vis (bottom) light over time.
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Figure S5.15. UV-Vis spectra of Azo-C4Ms, of Azo-C4Ms, by increasing the amount of Azo-ma

substituted, 33% a), 90% b), 100% c) and Azo-DPA(control) d). exposed to UV and Vis light over time.
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Figure S5.16. DLS cycle of Azo-C4Ms, by increasing the amount of Azo-ma substituted 33% a), 90% b),
100% c) and Azo-DPA (control) d). The normalized intensity and size are plotted over the number of

repeated cycles.
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Figure S5.17. UV-Vis cycle of Azo-C4Ms, by increasing the amount of Azo-ma substituted, 33% a), 90%
b), 100% c) and Azo-DPA(control) d). The absorption at 325 nm and 430 nm is plotted over the number

of repeated cycles.



Table S5.1. Values of Scattered intensity, polydispersity index and size for all the micelle controls.

Controls PdI Dh (nm) I (Mcps)
Eu-aCD na na na
Eu-AZO na na na
Eu-BP na na na
aCD-AZO 0.9 722 0.9
aCD-BP 0.4 na na
AZO-BP 0.6 na na
EU-aCD_AZO 0.8 na na
Eu-CD_BP 0.3 na na
aCD-AZO _BP 0.7 437 2.2
AZO-Eu-BP na na na
MES-Eu na na na
MES-aCD na na na
MES-Azo na na na
MES-BP na na na
monomeric-based Azo-C4Ms 0.12 40 12
oligomeric-based Azo-C4Ms 0.15 43 30
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CHAPTER 6

Genera | discussion




ABSTRACT

In this chapter, we summarize the most important findings of each chapter and discuss the current
challenges and the future developments of C4Ms. We consider that C4Ms contributed to the
progress of polymeric micelles, revealing the mechanism of assembly and disassembly under
controlled redox, H202 and light stimuli. The encapsulation and release results, discussed in this
thesis, suggest that C4Ms might be a promising tool for drug delivery applications. However,
biologically relevant studies, such as toxicity tests, glutathione and near infrared responses, should

be more deeply researched for applying C4Ms in biomedical field.



6.1. MAIN FINDINGS

In this thesis we presented a new class of micelles, called “Cyclodextrin-based Complex Coacervate
Core Micelles” (C4Ms), integrating host-guest interactions inside the core of Complex Coacervate
Core Micelles (C3Ms). C4Ms allowed to determine the minimum number of charges per core-units
required for coacervation and brought new insights on the micellar ability to assemble and
disassemble under precise and controlled stimuli. C4Ms were formed, mainly, by combining three
supramolecular interactions: 1) metal-to-ligand coordination, by mixing europium ions and
cyclodextrin-modified dipicolinic acid, ii) host-guest interaction, by adding different guest moieties,
e.g. adamantane, ferrocene or azobenzene, to the cyclodextrin host, and iii) coacervate electrostatic
interaction, by adding an oppositely charged block copolymer. We designed and synthesized a
cyclodextrin-modified dipicolinic acid (CD-DPA) as the key molecule to bridge between the metal-
to-ligand coordination and host-guest interaction. Throughout the entire thesis, we combined CD-
DPA with different guests:
1) charged monoligand adamantanes (Ad-mal- and Ad-ba?) in chapter 2, to determine
the lowest limit of charges per core-unit required for coacervation
11) a redox-responsive bisadamantane (Ad-SS-Ad) in chapter 3, to investigate the ability
of C4Ms to reversibly disassemble under redox-stimuli and, consequently, release a
cargo
111) a H202-responsive ferrocene-modified dipicolinic acid (Fe-DPA) in chapter 4, to
investigate the ability of C4Ms to precipitate under oxidative treatments
1v) an azobenzene-modified dipicolinic acid (Azo-DPA) in chapter 5, to investigate the
ability of C4Ms to reversibly disassemble under light treatment.
The different interactions are summarized in Figure 6.1. and their host-guest association constants

in water are listed in Table 6.1.
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Figure 6.1. Schematic representation of the different host-guest interactions throughout this thesis.



Table 6.1. Association constant values between a and f-cyclodextrin and the guest moieties used in this

thesis.

Azobenzene Azobenzene
Host/Guest Adamantane Ferrocene Ferrocenium

trans cis
(2:1) (2:1) (2:1)
aCD
na 102 M1 2 M1 2-103 M1 35 M-!
LCD 103 -105 M 3-103 M1 101 M1 7-102 M! 2-102 M1
1) Chapter 2 represents the fundamental design, development and study of a novel class of
C3Ms, C4Ms.

The ability to tune the number of core charges remains a key tool for the following chapters. For
the first time, in this chapter, C4Ms were formed in three progressive steps: 1) the formation of a
metal-to-ligand coordination, by mixing europium ions and cyclodextrin-modified dipicolinic acid
(BCD-DPA), 2) the complexation of host-guest interactions, by adding adamantane guests to the
metal-to-ligand coordination and 3) the core charge neutralization, by adding the block copolymer.
In the first step, the metal-to-ligand coordination structure carries three negative charges, derived
from the interaction between one Eu3* with three BCD-DPAZ molecules. In step 2), Ad-mal- and Ad-
ba2- guest molecules were added, in different ratios, to the metal-to-ligand coordination structure
and the new-formed structure was called “monomeric core-unit”. The number of negative charges
of the core-unit was tuned from six up to nine, mixing Ad-ma!- and Ad-ba? in different ratios. In
step 3), the PMVP12s-PEQ477 was added until core-charge neutralization. The results on size, shape
and stability indicated that seven negative charges might be the minimum number of charges per
core-units required to form well-defined and stable micelles. While, core-units with six negative
charges formed undefined elongated aggregates. By adding the adamantane bisligand Ad-Glu-Ad,
monomeric core-units were combined into dimeric and polymeric networks. This addition enhanced
the stability of C4Ms, especially against salt and competing BCD. Dynamic Light Scattering (DLS),
Static Laser Scattering (SLS and polarized-SLS), and Transmission Electron Microscopy (cryo-

TEM) were the main techniques used to study the size, shape and stability of these micelles.



However, few experiments done by using Small Angle X-Ray Scattering (SAXS) revealed that this
technique is also suitable for determining the size, gyration radius, structure and shape of C4Ms,

(Figure 6.2.), requiring only small volume and low concentration samples.[1]

a) b)

3 6-
/- 40 13
_ 7.5- 36 11
i} . 8- 36 12
E-2 0.0 0.1
q_\‘nm” 9- 36 12

Figure 6.2. Plot of intensity vs q vector for different core-unit-based micelles a) and values of hydrodynamic
size and radius of gyration b), measured at SAXS. These measurements were performed at the Institut de

Science et d’Ingenierie Supramoleculaires 1.S.1.S. under the supervision of Prof. Luisa De Cola.

i1) In chapter 3, the aim was to design and develop redox-responsive C4Ms.
We still used adamantane as guest molecule for its medium-high association constant with
BCD.[2, 3] Nevertheless, we designed a cleavable disulfide bond in the center of an adamantane
bisligand (Ad-SS-Ad). Ad-SS-Ad promoted the assembly of C4Ms, by combining multiple
coordination structures together. By adding DTT as reducing agent, the disulfide bond was
cleaved into thiolates, provoking the breaking of polymeric core-units into low charged monomeric
units. As previously demonstrated, monomeric units based on six negative charges are too low to
form stable micelles and, therefore, the micellar disassembly is favored. Over few hours, the
disassembly is reversed due to the re-oxidation of thiolates to disulfides, promoted by oxygen. The
reversible disassembly process can be controlled by varying two parameters: 1) the DTT
concentration and 2) the ratio between responsive and non-responsive bislinker. By increasing
the DTT concentration from 3 equivalents to 30 equivalents, the time required to re-assembly

increased from ca. 2 hours to 7 hours. Moreover, by substituting the redox-responsive bislinker



with the Ad-Glu-Ad non-redox responsive bislinker, not only the disassembly process was delayed,
but also the number of disassembled micelles decreased. Preliminary studies, by using water and
dichloromethane biphasic system, showed that Ad-SS-Ad-based C4Ms promote the solubilization
of methyl red (MR) in water and its release to the organic phase upon micelle dissociation via DTT
treatment. These results suggested that stimuli-responsive C4Ms could be promising for future

drug-solubilization and delivery applications.

111) In chapter 4, ferrocene-based C4Ms are designed to respond to H2Oz oxidation.

H:20:2 is a Reactive Oxygen Species (ROS) that originates from aerobic metabolism by-products and
therefore is relevant in stress-related biological studies.[4-9] The key molecule for the oxidant-
response property of C4Ms is the ferrocene—modified dipicolinic acid, (Fe-DPA). In its reduced form,
Fe-DPA can complex with BCD with medium-strong ka.[10, 11] However, when oxidized, the
complexation does not occur, leaving the core-unit with a low number of charges, thus, favoring the
micellar destabilization.

By simply changing the europium/ligand ratio, we can tune the core structure of Fc-C4Ms from
monomeric to oligomeric-based. Fe-C4Ms, based on these two core structures, present different
responses towards oxidant treatments. The stability against the oxidant can be tuned in three
ways: 1) by changing monomeric-units into oligomeric branched networks, 2) by varying the oxidant
concentration and 3) by adding a non-responsive guest.

Oligomeric-based Fc-C4Ms show higher stability against oxidant treatment, compared to
monomeric-based Fc-C4Ms, respectively 970 and 325 equivalents of H202. By increasing the
oxidant equivalents to 1300, both types of micelles destabilize, by first aggregating and, then,
precipitating. We substituted the Fc-DPA with increasing amount of a non-responsive bislinker
(Ad-Glu-Ad). By substituting 90% of Fc-DPA with Ad-Glu-Ad, the stability of C4Ms against the
oxidant was improved. These Fc-C4Ms, with well-controllable and tunable response to oxidant,

could be interesting for future in vitro stress-related studies.



iv) In chapter 5, azobenzene-modified dipicolinic acid (Azo-DPA) and aCD-DPA were used as

light-responsive host-guest couple.
Light is considered an ideal external stimulus, because time, space, intensity, size spot, etc. can be
regulated externally by an user.[12, 13] In its trans isomer , Azo-DPA can complex with aCD-DPA
with medium-high association constant.[11, 14] Given 365 nm light excitation for few minutes, Azo-
DPA was able to isomerize to its cis isomer , leaving the aCD cavity. In this chapter, the knowledge
on the charge, acquired in chapter 2, was crucial to weaken the assembly of Azo-based C4Ms and
favor the micellar disassembly, under light stimuli. Indeed, by simply introducing Azo-DPA as
light-responsive guest, the disassembly of C4Ms was not occurring. This system had to be weakened
from oligomeric core-unit structures to monomeric ones, to be significantly responsive. For a similar
stability reason, the BCD host molecule had to be substituted by aCD. Initial results showed that
C4Ms based on Azo-DPA and BCD were very stable in both forms, trans and cis. We attributed this
stability to the high association constant between BCD and azobenzene, in both isomers. While the
ka between aCD and azobenzene differs much more between the two isomers, compared to the BCD
(Table 6.1.). This change in ka, combined with the weakening of the oligomeric core-units to
monomeric ones, favors the micellar disassembly. Uniquely, in this chapter, aCD-DPA and Azo-
DPA were the key host-guest couple for light responsive disassembly. To synthesize aCD-DPA, we
applied the same synthetic protocol of the BCD-DPA, based on click chemistry. Interestingly, the
yield of aCD-DPA was significantly lower than the yield of BCD-DPA. As preliminary experiment,
we mixed AZO-DPA with a Gd-DOTA-modified azobenzene molecule in different concentrations.
Gd-DOTA-Azo is an additional guest that can weaken the micelles, by making monomeric core-
units and provide the MRI property. Results showed that by using 100% of Gd-DOTA-Azo, no C4Ms
formation occurred. However, by properly mixing Gd-DOTA-Azo and Azo-DPA, well-defined light-
responsive micelles formed. This last study was performed in collaboration with Prof. Dr. Bart Jan

Ravoo and the PhD candidate Julian Simke, from the University of Munster.



Table 6.2. Summary of the main findings divided per chapter.

Chapter 2 3 4 5
e C CD-DPA CD-DPA
Host-guest couple Ad-ma, Bl BCD- b
Ad-SS-Ad Fc-DPA Azo-DPA
Ad-ba
ka 10%-105 M1 10%-105 M1 3-10% M! 2-10% M
cMce 40 50 4 35
Eu (uM)
cse 30 30 25-100 300-600
NaCl (mM) )
Size (nm) 45+ 6 70+ 10 60+ 8 40+ 8
) Redox Oxidant stimuli . . .
. . Core-unit < 6 . . Light stimuli
Destabilization b stimuli (AI=100% AL= 10357,
trigger crarges (AI=70%) Size change) (AI= 10-35%)
(DTT) (H:202) .
Light length
Ad-ma/Ad-ba stimuli stimuli it ROEat
Tunable . Azo-DPA/Azo-ma
; Ad-ma/ Ad-SS-As/ Monomeric vs I .
eters
parameter Ad-Glu-Ad ~ Ad-Glu-Ad oligomeric onomerte vs
oligomeric
Yes
p o7 . Yes
Reversibility na Multiple na .
Multiple cycles
cycles
M
Encapsulation Methyl red . eth.yl red
na Biphasic na Biphasic system
and release e
system (not optimized)




MAIN COMPARISONS

Table 6.2. summarizes the main outcomes of each chapter, such as ki, CMC, CSC, size, type of
trigger, tunable parameters, reversibility, encapsulation and release ability of C4Ms. The CMC
value, for the C4Ms based on adamantane and azobenzene guests, is similar, around 35 pM of
europium ions (Chapter 2, 3 and 5). However, Fc-C4Ms showed a CMC of ca. 4 nM of europium
ions, approximately 10 times lower than the value mentioned above. This result could be related to
the interaction between Fc-DPA and the block copolymer, occurring at very low component
concentration as confirmed by DLS. The CMC is one of the most important parameter for the
micelle formation, however, it remains one of the least studied parameter, according to
literature.[1] Moreover, in the case of C4Ms, the addition of host-guest interactions makes the
studying of CMC not straightforward. Perhaps a systematic investigation of the CMC, by varying

the concentration of multiple combined components, might be essential.

CSC represents an additional important key factor, in physiological-mimicking conditions. Table
6.2. shows that C4Ms based on Fe-DPA and Azo-DPA have a higher stability against salt, compared
to C4Ms based on adamantane guest. This result could be related to the difference between the
monomeric and oligomeric structures. Indeed, Fc-DPA and Azo-DPA have the ability to form
oligomeric structures, due to their guest-ligand designed structure, while, C4Ms based on Ad-ma

or Ad-ba can only form monomeric core structures.

The size of coacervate micelles is not easily changeable by varying the core structures. This finding
was reported by changing the core structure of C3Ms from dimeric to polymeric[15] and by changing
the generation of dendrimers encapsulated inside coacervate micelles.[16] However, in our case,
the change of the core structure results in a difference in size, respectively of 40 nm for the
monomeric Ad-ma and Ad-ba based C4Ms and 70 nm for the Ad-SS-Ad-based C4Ms. Uniquely, the
Cryo-TEM images of Azo-DPA-based C4Ms showed an almost perfect crystalline distribution of
these micelles on the TEM grid. All the other C4Ms showed a conventional size distribution, with
the typical “size-sorting” distribution pattern.[17, 18] We do not have a clear reason for the size
difference and the crystal structure results. However, it is known that there are several factors

involved in the size distribution of coacervate micelles, such as the block copolymer length



(Ncorona/Ncore), the quaternization ratio, the solubility of the components in the given solvent, the
ionic strength, etc.[1, 19, 20] Each guest moiety has a specific pKa, solubility and interaction, that

can affect the micelle size and morphology, e.g. Azo-DPA -1t stacking.

The micelle destabilization was deeply discussed in each chapter. However, it is interesting to
compare the responses of the different C4Ms. As discussed in chapter 3, micelles based on Ad-SS-
Ad were responsive towards DTT stimuli, due to cleavage of the disulfide bond in the center of the
adamantane bislinker. The intensity difference, at the DLS, could be estimated around 70%.
However, after few hours, the oxygen present in the cuvette triggered the disulfide re-oxidation
and, thus, the micelle re-assembly. This redox trend could be repeated for more than 4 cycles. This
assembly, disassembly and re-assembly tendency was also seen in Azo-C4Ms, in which UV light
isomerized the azobenzene molecules from trans to cis and, thus, favored the micelle disassembly.
The reversed reaction was triggered by visible light, by isomerizing back to trans azobenzene. The
difference between the two micelle states is not very marked, especially for oligomeric-based
micelles. However, by lowering the number of charges, we reach 35% difference in scattered
intensity. The reason for such a limited difference can be related to three main factors: i) the
isomerization of the azobenzene is not 100%, as is clear from the UV-Vis spectra in chapter 5, i1)
the azobenzene is an hydrophobic molecule that still prefers to be in the coacervate core, rather
than in contact with water molecules and 1i1) we are working at high concentrations compared to
the CMC. A higher difference in stability could be visible by lowering the concentration of the

components (working at the edge of the CMC value).

Basic studies on the ability of C4Ms to encapsulate and release a cargo are fundamental for future
biomedical applications. We tested the encapsulation and release of methyl red dye, in chapter 3
and in chapter 5. In chapter 3, we encapsulated 5% of methyl red inside Ad-SS-Ad-based C4Ms and
we studied the dye release, by adding 30 equivalents of DTT and by using a water/DCM biphasic
system. The preliminary results show that Ad-SS-Ad-based C4Ms seem a promising platform to
encapsulate and release poor water soluble drugs, based on a controlled stimuli. However, the
encapsulation and release ability of Azo-C4Ms should be deeper investigated. These results showed

that the dye is transferred into the organic phase upon 10 min of light stimuli. However, it is also



clear that the dye itself has a tendency to move towards the organic phase, already in the control.
Despite the fact that the difference between the control and the sample is visible, more
measurements are needed, e.g. by monitoring the time that the dye requires to move to the organic

phase.

Further discussions on the encapsulation and release studies and the future prospects are given in

the following sections.



6.2. CURRENT CHALLENGES AND FUTURE POTENTIAL

Despite the knowledge we acquired on the ability to assemble and disassemble C4Ms under specific
stimuli, more understanding on the response mechanisms to different situations should be
achieved.

Redox remain the most investigated stimulus for biomedical application, since tumor cells have
high concentrations of GSH reducing agent and low oxygen. Therefore the design of micelles having
cleavable disulfide bonds might be promising for drug delivery systems. Light is also considered a
valuable stimulus, because its wavelength, excitation time, spot size etc. can be controlled
externally. Designing a multi-stimuli responsive system able to controllably disassemble under

subsequent redox and light stimuli could be valuable for a well-controlled drug delivery system.

6.3. REDOX STIMULI

In chapter 3, we gained new insights on the ability of Ad-SS-Ad-based C4Ms to assemble,
disassemble and re-assemble, given redox stimuli.

However, to make these micelles more relevant in biomedical field, DTT treatment should be
substituted with glutathione (GSH). It is, indeed, well-reported in literature that cancer cells have
a higher concentration of GSH, compared to healthy cells.[21, 22] Therefore, designing micelles
with cleavable disulfide bonds, upon GSH stimuli, could be more concrete, than upon DTT stimuli.
A preliminary experiment was performed by treating Ad-SS-Ad-based C4Ms with GSH. However,
the scattered intensity and size, after the re-oxidation of thiolates to disulfides was not reaching
the initial values. We speculated that GSH might form intermediates with higher stability,
compared to DTT intermediates.[23] More insights on the reaction process should be gained for
both reducing agents (Figure 6.3.). Moreover, for a practical application of Ad-SS-Ad-based C4Ms
in biomedical field, the buffer solution at pH 10, used in chapter 3, could be substituted with a

buffer solution at lower pH, to better mimic in vivo conditions.[24-26]
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Figure 6.3. Reduction reaction scheme of a disulphide-containing molecule, mediated by DTT a) and by GSH

b).

In chapter 4, we discuss H202-responsive C4Ms, based on ferrocene molecules. H2Oz is defined as
Reactive Oxygen Species (ROS) that originates from aerobic metabolism by-products. Testing the
micelle disassembly upon contact with H20s2-producing bacteria could be relevant for drug delivery
application in stress conditions.

The oxidation of ferrocene to ferrocenium (Fc*) could also be investigated by electrochemistry or by
changing H20:2 with different oxidants, such as iron chloride (III), silver nitrate (I) and iodine.[11,
27, 28] From our preliminary results, none of these oxidant allowed the reversible assembly of
C4Ms. Most of them were inducing a one way micelle destabilization and precipitation, as shown
in Figure 6.4. It would be interesting to understand the limiting conditions to the reversibility of
Fc-based C4Ms. Nevertheless, the reversibility property is not always required for drug-delivery

applications.



= - e

Control FeCl; AgNO; |, Oxidation Reduction

Figure 6.4. Sequential oxidation and reduction reactions of ferrocene molecules in water. The oxidation to
ferrocenium was investigated by adding iron chloride (II1), silver nitrate (I) and iodine. The reduction reaction

was investigated by adding sodium thiosulfate.

6.4. LIGHT STIMULI

In chapter 5, we used azobenzene molecules and UV light to trigger the micellar disassembly. UV
is, generally, the wavelength at which most of the aromatic molecules absorb, such as DPA, BP,
Azo, etc. Therefore, using this wavelength in our system, to promote dye release, might not be very
selective. Moreover, UV exposure is well-known to cause skin damages, once in vivo.[12, 13, 24] By
modifying the azobenzene guest with the substituents shown in the Figure 6.5, it would be possible
to shift the absorption wavelength towards longer wavelengths.[29] However, the pH and the steric

hindrance are important factors to maintain the isomerization ability of the azobenzene guest.
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Figure 6.5. Molecular structures of an azobenzene-based molecule with different substituents (left). The

wavelength values are listed on the right.



6.5. MULTI-STIMULI

In recent studies, the combination of different stimuli, into so-called “multi-stimuli-responsive
systems”, is gaining more attention.[30] The advantage of multi-stimuli-responsive systems relies
on the possibility to have a two-step release, firstly, by disassembling the nanocarrier via
biologically internal stimuli and, secondly, by external stimuli, controlling remotely the
parameters.[12, 31-33] Moreover, multi-stimuli responsive micelles have usually higher versatility,
tunability and control, compared to uni-stimuli-responsive micelles.[30, 32, 34, 35]
An example of a multi-stimuli responsive micelle is the system described by Watanabe et al. that
can assemble and disassemble under the combination of specific temperature and light stimuli.[36]
The light stimulus induces a transition from micelles to unimeric structures. While the temperature
triggers opposite behaviour. An additional example of multi stimuli responsive system is the micelle
reported by Lu at al., in which i) light, ii) temperature and iii) redox stimuli were used to change
the morphology and the properties of the micelles.[37] UV light induced their disassembly, due to
a misbalance between the hydrophobic/hydrophilic polymer ratio. Upon DTT addition, spherical
micelles changed their shape into small and irregular structures. Temperature turned the spherical
micelles into aggregations above a certain critical temperature. Surprisingly, these stimuli were
never tested in contemporary combination with each other.
In our case, the design of multi-stimuli-responsive C4Ms was not straightforward.
e The combination of redox and light-responsive stimuli, such as chapter 3 and 5, would
imply the mixing of 1) aCD and ii) BCD guests, with ii1) the adamantane disulfide bislinker
(for the redox response) and iv) the azobenzene moiety (for the light response). This multiple
mixing increases the complexity of the system. Despite the fact that the adamantane

molecules can complex only with BCD, the azobenzene molecules can complex with a«CD

only in its trans isomer and with BCD, in both cis and ¢rans isomers. We previously proved
that C4Ms based on BCD and azobenzene molecules cannot undergo dissociation. Therefore,
mixing the two cyclodextrins with the redox and light responsive bislinker would probably

not cause an efficient micelle dissociation.



o The combination of oxidant and light-response stimuli, such as chapter 4 and 5, presents
a similar problem to the one discussed above. This system would require the presence of 1)
aCD and 1i) BCD guests, iii1) the ferrocene molecule (for the oxidant response) and 1v) the

azobenzene moiety (for the light response). However, Fc-DPA can form 2:1 complex with
aCD (Figure 6.6.) and the azobenzene molecules can complex with BCD, in both cis and
trans isomers. Therefore, probably also in this case, mixing the two cyclodextrins with the

oxidant and light responsive bislinker would probably not cause an efficient nor

straightforward micelle dissociation.

Vis P
P e
m m
o w)
(@] O
x >

UV N

k- Vis

Figure 6.6. Representation of a multi-stimuli responsive system, by combining light and oxidant-responsive
guests. Azobenzene can complex with SCD in both isomers, cis and trans. Ferrocene molecules can complex with

BCD forming 1:1 complex, and with aCD, forming 1:2 complex.

To bypass this challenge related to host-guest complexation in different isomers and in different
ratios, we designed a guest that would be responsive for multiple-stimuli in one: Azo-SS-Azo
bislinker, (Figure 6.7. a). The synthesis was simple and successful; however, the water-solubility

was too poor to prepare a stock solution at the usual mM concentrations.



We, therefore, corrected the design of this bislinker, by implementing a cystine-based Azo-SS-Azo,
more water-soluble. However, this synthesis was not straightforward, neither by

mechanochemistry [38, 39] and neither by phase-transfer approaches, (Figure 6.7. b).
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Figure 6.7. Synthetic schemes of Azo-SS-Azo linker for light and redox multi stimuli-responsive micelles.



An additional approach to form multi-responsive C4Ms was to combine the redox-responsive core-
guest with a temperature-responsive block copolymer. A preliminary trial combining C3Ms and
a temperature responsive block copolymer was performed, by using PNIPAM4s-DMEMAz16. The
PNIPAMu44 block represents the temperature responsive part, due to its low solubility in water
above 32°C, (Figure 6.8. a).[24] The DMEMA:216block is pH sensitive, due to its positive charge above

pH 7, (Figure 6.8. b).

) b)
PN 2
—

Figure 6.8. PNIPAM(n=44) a) and DMEMA (m=216) b) molecular structures.

a

Preliminary results from 3°C to 55°C shows that the temperature responsive block copolymer forms
undefined aggregates with high polydispersity, rather than well-defined micelles, Figure 6.9. No
significant change in size was seen above and below 32°C. However, more experiments are

necessary to define the optimum block copolymer length and concentration.
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Figure 6.9. Graph representing C3Ms controls (blue) and temperature-responsive-based C3Ms (red)
intensities (Kcps) and size(nm) as function of the temperature, by using DLS. C3Ms were used as a starting

point for future application studies on C4Ms.

6.6. ENCAPSULATION AND RELEASE

The ability of C3Ms to encapsulate different cargoes, such as DNA, RNA, proteins, is well-known
in literature.[1, 40-42] However, the ability to selectively disassemble C4Ms under specific stimuli
and, consequently, release the cargo was not known before. Host-guest interactions, based on
cyclodextrin-host and stimuli-responsive guests, were addressed by us as the keystone to combine
dye encapsulation and release in a controlled fashion. Cyclodextrins were already known for their
ability to encapsulate poor water-soluble dyes.[43] However, the combination of CD with the DPA
ligand allowed CD-DPA to play a fundamental role in the micelle formation (by the metal-to-ligand
coordination) and, at the same time, in the micelle disassembly (by the host-guest interaction).

In chapter 3, we studied C4Ms as preliminary drug-delivery systems, by releasing a cargo upon
micelle dissociation. As explained in chapter 3, Methyl Red (MR) was used as drug model for its
medium-high association constant with CD.[44-46] A biphasic system based on water/DCM allowed

for an easy and visual detection of the MR release after micelle dissociation. However, the choice of



MR as dye and the biphasic system as tool were not straightforward. Several other types of i) dyes,

11) techniques and 1ii) stimuli were investigated.

i) Dyes

Several dyes are poor water-soluble and, thus, it is a challenge to prepare very precise stock
solutions, especially, at relatively high dye concentrations (mM) in water. An alternative approach
could be to prepare a stock solution by mixing directly CD and dyes.

Dyes, such as naphthalene and anthracene, can form 1:1 complex with CD, however, their low
solubility and their similar absorption peak to DPA made them not the suitable dyes for our study
(Figure 6.10. and Table 6.3.).[47, 48] Phenolphthalein is a pH responsive dye; which fluorescence
can go OFF upon association with CD. At high pH, usually micelles disassemble and the dye is
released from the CD, turning ON its fluorescence.[49, 50] However, C4Ms are very stable at high
pH and no significant difference in fluorescence was detectable in our case. Phenanthroline had not
only a similar absorption peak to DPA, but also it is able to coordinate europium ions. For this
reason, it was excluded from our encapsulation-release study. Several other studies were limited
by the dye solubility, for example cholesterol. Cholesterol is a principal sterol synthesized in the
body and it is the precursor of several fundamental steroid hormones.[51] Therefore, controlling its
concentration and biodistribution in the human body is crucial. Cholesterol has one of the highest
ka with cyclodextrin due to its highly hydrophobic nature.[52] Due to this, it is able to form micelles
in solution at very low concentrations, below uM.[51, 53, 54] These factors limited its application

in C4Ms.
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Figure 6.10. Molecular structures of several cargoes that were investigated for the encapsulation and release

experiment. The number corresponds to the properties listed in the table below.



Table 6.3. List of pros and cons of several cargoes that were investigated for the encapsulation and release

experiment.
Number Name Pros Cons
Similar abs. to DPA
1 Naphthalene CD guest 1:1 Low solubility
Similar abs. to DPA
2 Anthracene CD guest 1:1 Low solubility
. DpH responsive dye Micelle stability
3 oD e on/off fluorescence above pH 10
4 Phenanthroline CD guest 1:1 Eurqp tum
coordination
Relevant in Forming cholesterol
2 Chhelizsize! biomedical field micelles
Ka comparable with
6 Adamantane-Cy5 Ad-SS-Ad bLs.lL_nker DTT mﬂugnces its
High solubility emission
High ext. coeff.
High ext. coeff. H2O2 influences the
7 Rhodamine 110 Well-known dye emission
properties Low solubility
ii) Techniques

To quantify the dye encapsulation and release, the most common techniques used in literature are
the UV-Vis and fluorescence spectroscopy.[55, 56] With these techniques, the dye peak is monitored
over time and its shift or change in intensity can be quantitatively related to the dye encapsulation
and release. In some cases, dialysis or centrifugations are combined with these techniques to
physically separate between encapsulated dye and released dye. Fluorescence Correlation
Spectroscopy (FCS) is also commonly used to distinguish the free dye from the encapsulated dye,
based on the different diffusion coefficients.[57, 58] In our case, the concentration of C4Ms was too
high and FCS was not the ideal technique to handle such concentrated samples.

We used different purification methods, such as dialysis and centrifugation, to remove and quantify

a new dye Ad-Cy5, free in solution, (Figure 6.10.).



iii) Stimuli

In Chapter 2, the dye release was triggered by DTT addition. However, during the preliminary
experiments, DTT was affecting the dialysis and centrifugation tubes, by reacting with the cellulose
filter cover and causing misleading results.

H:0:2 has also been applied as a trigger for micelle disassembly and dye release.[5, 59] Despite all
the experiments reported in literature, any extensive controls have been done on the influence of
H20:2 on the fluorescence of these dyes. We proved that H2O: affects the fluorescence of the
rhodamine dye over time and, therefore, it might not be a good candidate to study the dye release
(Figure 6.11). However, by making a precise calibration curve and by correcting the emission for it,

it might still be possible to use H202 for drug release studies.
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Figure 6.11. Absorption spectra of Fc-C4Ms before (blue) and after (orange) the addition of 1300 equivalents

of Hz20:s.



6.7. TOWARDS IN VITRO STUDIES

Since the last decade, there have been some polymeric micelles in clinical trials, namely Genexol-
PM, NK105, SP1049C, DTXL-TNP, NC6004, NK012 and NK911, (Table 6.4.).[60] [56] All these
polymeric micelles are considered good candidates in biomedical fields, due to their ability to
dissolve poor water-soluble anticancer agents, such as doxorubicin, cisplatin and paclitaxel, and
make them more biocompatible. Despite these beneficial properties, many micelles are not
evaluated for clinical trials, especially for their low stability in physiologically relevant media. This
problem highlights the necessity to promote deeper understanding of disassembly mechanism of
these micelles and stability characterization, especially in biologically relevant environments.[12,
30]

Table 6.4.List of properties of polymeric micelles in clinical trials.

Name Drug Polymer Size (nm) Loading (%) Phase
Genexol Paclitaxel mPEG-PDLLA 50 17 III, IV
NK105 Paclitaxel PEG-P(Asp) 85 23 11 11T
SP1049C Doxorubicin Pluronic 30 8 11
DTXL-TNP Docetaxel PLA-PEG 100 10 1
NC6004 Cisplatin P %i;gfr‘f) 30 40 LI
NKo012 PEG-P(Glu) 20 20 I
NK9I1 Doxorubicin T EG'DIZ (;C“SP)' 40 Na i

To achieve a practical application of C4Ms in biomedical fields, new insights on their toxicity,
biodistribution, in vivo-functioning, etc. should be achieved. Previous C3Ms were studied as

fluorescent imaging and MRI contrast agents with high tunability between these two



properties.[61] Animal experiments, using C3Ms for in vivo imaging, proved their negligible
toxicity.[62]

We performed a preliminary study on the toxicity of C4Ms, by monitoring the viability of HeLa
cells, upon the addition of C4Ms. HeLa cells were left in the incubator under 5% CO2 and 95%
atmosphere gasses at 37°C, over two days. 1 mL of C4Ms solution (0.5 mM Eu(IIl) ion
concentration) was added to the DMEM cell medium. The cell viability was calculated around 6%
after 24 hours (Figure 6.12). This low count in cell viability is not in good agreement with the
previous toxicity studies on C3Ms. However, additional controls on each single component and

repetitive measurements are needed to confirm the toxicity (or not) of C4Ms.
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Figure 6.12. Image of HeLa cells acquired with an optical microscope a) and plot of the number of living HeLa
cells against time b). These measurements were performed at the Institut de Science et d’Ingenierie

Supramoleculaires 1.S.1.S. under the collaboration with prof. Luisa De Cola.



6.8. FINAL CONSIDERATIONS

Over the last decades, polymeric micelles have become progressively more sophisticated. From a
simple mixing of two oppositely charged block copolymer, to a metal-to-ligand coordination and
dendrimers driven assembly, until host-guest-based Complex Coacervate Core Micelles.

In this thesis, we reported the contribution of C4Ms to the progress on polymeric micelles, revealing
the mechanism of assembly and disassembly under controlled stimuli, by finely tuning the
component core charges. The CD-DPA has been a fundamental instrument to bridge between
micelle formation, via metal-to-ligand coordination and the micelle disassembly, via host-guest
interaction. It allowed to finely tune the charge of the core-units and acquire a deep understanding
of the number of charges required for coacervation. Based on that, we were able to exploit the
number of charges to tune the stability of the C4Ms and make them more prone to disassemble and
release a cargo. Cyclodextrin was not only valuable for encapsulating the cargo, but was also
fundamental for the responsivity of coacervate micelles. By changing the guest, C4Ms can be
responsive for different stimuli, from redox to light. More studies are required to combine these
different stimuli and the design of multi-stimuli-responsive C4Ms. However, biologically relevant
studies, such as toxicity tests, GSH and NIR responses should be deeply researched. Based on the
response studies and the encapsulation and release preliminary results shown in this thesis, we
believe C4Ms might be a promising tool for drug delivery systems.

Translational work and interdisciplinary studies between chemists, computational chemists,
physicists, biologists and doctors might be the key to bridge fundamental science on nanotechnology
and disease-approach research, gaining different points of view and achieving a broad and deep
understanding of their properties and potentials.[63]

Reproducibility still remains a limiting process for most of the nanotechnology lab-based
research, especially for scaling up the research.[24, 26]

Nonetheless, making nanomedicines affordable, transportable, and easy to use should be a

complementary research focus.
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CHAPTER 7




7.1. SUMMARY

The treatments of chronic and severe disorders, such as hearth diseases, cancer and diabetes still
remain challenging for health care researchers, due to the severe side effects and the limited
efficacy.[1, 2] Drugs have often low targeted specificity, non-selective bio-distribution and poor
water-solubility, leading to increase the drug quantity and, thus, also the unwanted side effects.
Nanotechnology is emerging as an alternative approach to conventional disease treatments,
applicable in early diagnosis, therapy monitoring, drug delivery, and guided surgery.[3-5]
Nanotechnology has several advantages, compared to conventional treatments, such as 1) high
surface to volume ratio, ii) favorable and controlled drug release profile, iii) possibility to
functionalize the surface and iv) long time circulation in the blood stream.[6-9] Those properties
allow nanocarriers to interact more efficiently with tumor cells, release drugs in a precise and
localized way and avoid premature drug release.[10] Polymer-based micelles seem promising in
nanomedicine, due to their ability of solubilizing poorly water-soluble drugs and to their
biocompatibility.[11] Within polymer-based micelles, Complex Coacervate Core Micelles, or C3Ms,
demonstrated to encapsulate a wide range of cargoes, such as DNA, RNA, protein, enzymes, etc.[12-
18]. The ability of encapsulating several charged cargoes relies on their self-assembly, based on
electrostatic interactions between oppositely charged block copolymers. However, more insight on
controlling and fine tuning the assembly and disassembly behavior of coacervate core micelles is
still needed. Cohen Stuart’s group has achieved a higher control of the core assembly, compared to
the first C3Ms micelles, by using coordination chemistry. The negatively charged polymer was
substituted by a negatively charged metal-to-ligand coordination, between dipicolinic acid
molecules (DPA) and metal ions. Di-cationic transition metal ions (II), such as Fe, Ni, Co or Zn, can
be coordinated by two DPA2 molecules.[19] This coordination forms core-units with a residual
negative charge in the core. By adding a neutral and positively charged block copolymer, the
residual negative charge can be neutralized, thus, leading to the formation of metal-to-ligand-based
C3Ms. C3Ms, based on these metal-to-ligand coordination structures, are very versatile, di-cationic
transition metal ions can be substituted with lanthanides (III), tuning the core structure from
linear to branched and adjusting the derived properties of the micelle.[20-23] In 2014 Wang et al.

reported an elegant approach to achieve new insight on the assembly of C3Ms, on their aggregation



number and their packing density, by encapsulating negatively-charged PAMAM dendrimers into
C3Ms, forming the so-called dendrimicelles.[24-27] While the size and the structure of these
dendrimicelles are independent of the dendrimer generation, the aggregation number varied from
100 to 1, by increasing the dendrimer generation from 2 to 9. Moreover, dendrimers of generation
below 2 were not able to form any dendrimicelles, indicating that there might be a minimum
amount of charges required for coacervation. A novel approach to investigate this concept, is

described in chapter 1.

In chapter 1, we discussed the current challenges in the biomedical field and we introduced C3Ms
as possible candidates to overcome these challenges, due to their ability to solubilize poorly water-
soluble drugs, the high stability against salt and dilution and the great versatility. A special
attention was put on the progressive developments of well-controlled C3Ms assembly, by combining
metal-to-ligand coordination and dendrimers inside coacervate micelles. The encapsulation of
dendrimers inside micelles shined new light on the aggregation number and the packing density of
different dendrimer generations inside micelles. Found that dendrimers of low generations were
not able to form any dendrimicelles, we hypothesized that there might be a minimum amount of
charges required for coacervation. Determining that value by using dendrimers would be limited
by the dendrimer generation and, therefore, not possible in a precise way. The goal of this thesis
was to integrate host-guest interactions inside the core of complex coacervate micelles, and bring
new insights in the micellar ability to assemble and disassemble under precise and controlled

stimuli, by finely tuning the charge.

In chapter 2 we focused on the design of a new class of micelles, called Cyclodextrin-based Complex
Coacervate Core Micelles or C4Ms. The self-assembly of C4Ms consists of three steps: i) the
formation of a metal-to-ligand coordination, by mixing europium ions and cyclodextrin-modified
dipicolinic acid (BCD-DPA), ii) the complexation of host-guest interactions, by adding adamantane
guests to the metal-to-ligand coordination and iii) the final micelle formation, by adding the block

copolymer until charge neutralization. In step 1) the metal-to-ligand coordination structure



presents three negative charges, derived from the interaction of one europium ions (3+) and three
BCD-DPA (2-) molecules. In step i1), two charged adamantane guest, Ad-monoacid (1-) or Ad-bisacid
(2-) are added to the metal-to-ligand coordination, forming the host-guest core-unit structure. By
adding Ad-monoacid or Ad-bisacid in different ratios, the charge of the coordination structure was
increased from 3- to 6- up to 9-. In step iii), the residual core charges are neutralized, by adding the
block copolymer to the host-guest structure. By comparing the different core-unit structures, we
determined that seven were the minimum number of charges per core-unit, required for
coacervation. Six negative charges per core-unit were not able to form well-defined spherical
micelles, but rather undefined aggregates. C4Ms stability against salt and dilution was enhanced
by adding an adamantane guest bislinker, able to combine multiple monomeric core-units into

strong polymeric networks.

In chapter 3, we designed redox-responsive C4Ms, called Ad-SS-Ad-based C4Ms, based on the
knowledge acquired in chapter 2. Redox is considered an “internal stimulus”, because the
response is triggered by intrinsic characteristics of tumor cells.[28-30] Therefore, designing smart
C4Ms, able to disassemble upon high concentration of reducing agent, could be advantageous for
future biomedical applications. In this chapter, Ad-SS-Ad-based C4Ms were designed combining
four orthogonal interactions, namely i) metal-to-ligand coordination, ii) host-guest interaction, ii1)
electrostatic interaction and iv) disulfide cross-link. Upon reducing agent treatment, the disulfide
cross-link is cleaved into thiolates, favoring the micellar disassembly. This disassembly is
reversible over time, due to the re-oxidation of thiolates to disulfides. The rate of re-assembly was
controlled by varying the DTT concentration and the ratio between redox-responsive and non-
redox-responsive bislinkers. Preliminary studies showed that Ad-SS-Ad-based C4Ms promote the
solubilization of Methyl Red in water and its release (i.e. to the organic phase) upon micelle
dissociation. These results suggested that stimuli-responsive C4Ms could be promising for future

drug delivery applications.

In chapter 4, ferrocene-based C4Ms were designed to respond to H2Oz oxidation. H2Oz is a Reactive

Oxygen Species (ROS) that originates from aerobic metabolism by-products and therefore is



relevant in stress-related biological studies.[31, 32] The key molecule for the oxidant-response
property was the ferrocene—modified dipicolinic acid, (Fe-DPA). In its reduced form, Fc-DPA can
form a medium-strong complex with BCD. However, when oxidized, the complexation does not
occur, favoring the micellar destabilization. The stability against the oxidant was controlled in
three ways: 1) by changing monomeric-units into polymeric branched networks, i) by varying the

oxidant equivalents and iii) by adding a non-responsive guest.

In chapter 5, azobenzene-modified dipicolinic acid (Azo-DPA) and aCD-DPA were used as light-
responsive host-guest couple. Light is considered an ideal external stimulus, because time, space,
intensity, size sport, etc. can be regulated by an external user. In its trans isoform, Azo-DPA can
complex with aCD-DPA with medium-high association constant. Upon 365 nm light excitation, Azo-
DPA isomerizes to its cis isoform, leaving the aCD cavity. In this chapter, the knowledge on the
charge, acquired in chapter 2, was crucial to weaken the assembly of Azo-based C4Ms and favor

the micellar disassembly, under light stimuli.

Chapter 6 summarises the most important findings of each chapter, the current challenges and
the future developments of C4Ms. We consider that C4Ms contributed to the progress of polymeric
micelles, allowing a better control on the micelle formation and dissociation, driven by redox, H202
and light stimuli. The encapsulation and release results, discussed in this thesis, suggest that
C4Ms might be a promising tool for drug delivery applications. However, additional studies should
be performed, such as the combination of multiple stimuli, e.g. redox and light, and biologically
relevant experiments, e.g. toxicity tests, glutathione and near infrared responses, for a concrete

application of C4Ms in biomedical field.
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