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Aim of Ph.D. thesis

The range of techniques and systems used to deliver therapeutics is expanding rapidly. The
introduction of dynamic covalent chemistry has been exploited by researchers to seek better
methods achieving the purpose of drug-specific targeting and delivery. The application of dynamic
covalent chemistry in drug delivery is still at its beginning, and the future holds bright promise for

further innovation.

My Ph.D. project aims to investigate novel ways of applying dynamic covalent chemistry in the

field of drug delivery. To be specific, four continuous points are listed as follows:

¥ To develop a concept of a drug sponge based on lipid NEs. In this concept, lipophilic hydrazide
inside the oil core can form in situ dynamic hydrazone bonds with cargo-ketone compounds and
thus will enable in situ capture and release of active cargo at the cellular and animal level. We
aimed to obtain NEs stable under neutral pH, whilst releasing intact cargo (drug or dye) under low
pH, characteristic for the tumor microenvironment. On the other hand, the capacity of NEs to

capture active molecules opens the route to detoxification of tissues from drugs/toxins.

% The extension of the drug-sponge concept using imine dynamic covalent chemistry. In this case,
a lipophilic reactive capture molecule bearing amine group inside NEs enables in situ capture and

release of aldehyde cargoes (dyes and drugs).

P Using in situ chemistry inside NEs, to develop a method for functionalization of NEs with

targeting ligands, such as antibodies, and apply them further for specific targeting of tumors.

P Using dynamic covalent chemistry to target free ketone drugs or dyes to different cell
organelles and to study their induced photo-toxicity behavior (photodynamic effect). We exploited
dynamic covalent chemistry to target drugs and dyes to specific parts of cells. We aimed to develop
ligand-bearing hydrazide groups that specifically accumulate at the cell surface and organelles
(lipid droplets and mitochondria). These ligands were designed to form reversible hydrazone bonds

with targeted molecules in lipid structures of the cells, thus ensuring “dynamic covalent targeting”.



Exploring and developing these techniques could help to overcome the difficulties in drug loading,
obtaining surface-modified NEs, targeting the drug to the specific site in its native form, and

propose an innovative strategy for drug capture in situ for tissue detoxification.



Bibliographical overview

1-PART 1. Bibliographical overview

1.1- Drug delivery by nanomaterials

1.1.2- Principle of targeted delivery

Targeted drug delivery system refers to the transfer of drugs only to the area that requires
pharmaceutical treatment excluding the parts of innocent tissues, cells, or organelles. The system
is intended to increase the drug concentration in areas requiring treatment, while reducing the drug
concentration in unintended areas, thus reducing side effects on one hand and increasing the

therapeutic effect on the other hand.
1.1.2.1- First-order targeting

First-order targeting is also named as passive targeting. On this level of targeting, size of
nanocarrier (NCs) is usually carefully controlled around 100 nm for the purpose of spontaneous
accumulating nanocarriers specifically to targeted tumor areas, where the vasculature is generally
leaky, with a dysfunctional lymphatic system[*2. Therefore, it allows easy access for molecules
and nanoobjects, such as drugs, liposomes and NPs entering tumorous tissues (Figure 1.1A)E!. In
contrast, tight junctions of endothelial cells contained within normal tissue do not allow the
transport of delivered therapeutics across them (Figure 1.1B). This phenomenon named “enhanced
permeation and retention” (EPR) effect is discovered by Yasuhiro Matsumura et.al. in 19861,
EPR was also described in the study by Sugahara et al., which suggested that NPs accumulate
tumors more efficiently than small molecule drugs®. The EPR effect had been properly
characterized by an increased accumulation of particles with size in the range of 100 to 200 nm in
tumors versus in normal tissues. This phenomenon is beneficial for applying nanocarriers to

delivering drugs to tumors.
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(A)

Ineffective
c0@® NP . Small molecule lymphatic drainage

Figure 1.1. Scheme showing differential uptake of NPs and small molecules based on their size
across (A) normal and (B) cancerous tissues. Adapted from ref [,

1.1.2.2- Second-order targeting

Second-order targeting or active targeting refers to the selective delivery of drugs to specific cell
types such as tumor cells avoiding normal cells. It is essential for drugs or theranostics (combining
therapeutics and imaging) agents to be delivered specifically to the areas of interest while avoiding
healthy tissues, thus enhancing the therapeutic efficiency and reducing the side effects. Thus,
significantly increase the quantity of drug delivered to the target cells and tissues compared to a
free drug or passively targeted systems. Most studies on this level of targeting referred to drug
targeting with the use of nanocarriers (NCs), taking the advantage of their feasibility for surface
modification and drug encapsulation. After the passive targeting process, NCs assemble to the
region of interest (e.g. tumor region). The drug targeting efficiency could further increase by active
targeting at this level. The most common way to achieve this purpose is by modifying the NCs
surfaces with ligands binding to receptors over-expressed on the surface tumor cells (showed in
Figure 1.2). Drugs are easier to penetrate the surface of cancer cells when loaded in NCs with
targeting ligands. This phenomenon was firstly observed by Leserman et al. using liposomes
grafted with antibodies(®], in another research, functional nano-emulsions (NEs) were designed

11
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with a low molecular weight antibody, scFv-Fc TEG4-2C (37 KDa) enabled direct MRI imaging
of atherosclerosis in mice modelsl™. A variety of ligands were developed as NCs-surface modifiers,
including folic acid, different peptides, and proteins including antibodies®l. Among the classical
ligands, folic acid (FA) could specifically bind to the folate receptor (FAR) which is abundant in
the tumor microenvironment (TME)!%, FA was bound either through the synthesis of FA-drug
conjugatesi™Y or through FA-grafting onto NCs!*2%3 promoting their endocytosis in cancer cells.
RGD peptide was found to bind avB3 integrin 4. F3 peptide and aminopeptidase N (CD 13) were
found to bind to nucleolin receptors expressed on angiogenic endothelial cells in the TME, both
directed by Asn-Gly-Arg (NGR) peptidet*>-*1. Moreover, transferrin is a ligand that targets
transferrin receptors (TfR) or nicotinic acetylcholine receptors rich in the environment of brain
tumors!*®l. In the meantime, several antibodies for specific receptors were successfully produced
and studied both in vitro and in vivol**2l, In particular, trastuzimab and cetuximab have been
popular antibodies for targeting drugs and NCs[?>?%l, Various NCs systems were developed for

grafting of the targeting ligands, for instance, nanoparticlest?, micellest?, dendrimers!26-281,

Targeted nanocarriers

Passive targeting (EPR)
+ Active targeting

A p—

Tumor cell

Figure 1.2. Scheme illustrating the passive targeting (EPR) and the active targeting into a tumor.
Adapted from ref [29],
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1.1.2.3- Third-order targeting

This level of targeting is generally related to drug targeting to subcellular structures (organelles).
Organelle can play their functions and form a network of organelle interactions (such as
mitochondria-lysosome, mitochondria-lipid droplets, lysosome-autophagosome, etc.) to
participate in cellular functions cellular homeostasis in various diseases such as cancer,
osteoarthritis, non-alcoholic fatty liver, and neurodegenerative diseases. Drug development using
organelle as targets has become a hot anti-tumor research topic. For instance, numerous works
proved that in tumors areas mitochondria provide the vast majority of adenosine triphosphate via
the oxidative phosphorylation system and function gatekeepers for apoptosis and inflammation
and as storage compartments for metabolites (e.g., calcium, lipids, and protons). Multiple targeting
methods were also developed for organelle targeting. These include biological conjugation of NCs,
fluorophores, drugs to biological compounds, for example, oligosaccharides, peptides, lipids, and
drugs or chemical conjugation to synthesized anchors°34. Due to the diverse properties and
microenvironments of different organelles, a variety of targeting ligands could be designed for the
purpose of targeting molecules to specific organellesB?. Different targeting ligands were
chemically designed regarding specific characteristics of different organelles. For instance, the
membrane potential in mitochondrial remains stable at around —180 to —200 mV across their lipid
bilayer for channel pumps and oxidation functionality. This uniquely high negative charge does
not exist in other organelles. As a result, lipophilic cations could be designed for mitochondria
targeting®%l.  Many lipophilic cations were designed for this purpose, including
triphenylphosphonium (TPP), Flupirtine rhodamine 123, anthracyclins, and MKT-0775¢1, For the
plasma membrane targeting that maintains a membrane potential from ~— 3 to ~— 90 mV, due to
the bilayer lipid structure, usually, a hydrophobic alkyl chain (to attach) along with sulfonate group
(to prevent internalization) was used. Golgi contains a Golgi protein cyclooxygenase-2 (COX-2)
inhibitor named SC-558, a phenylsulfonamide fragment is used as the functional group that binds
in pockets filled with COX-2 complexes"28l. Therefore, phenylsulfonamide moiety is expected
to serve as a promising Golgi anchor®%. For nuclear targeting, cationic polymers were used to
deliver DNA to the nucleust. For lyposome targeting, due to the reversible protonation at
physiological pH, N-Alkylmorpholin moiety is usually used for lyposome targeting. For
endoplasmic reticulum (ER) targeting, propyl chloridel®*! and pentafluorophenyl amide 244

13
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were reported as efficient ligands. For lipid droplet targeting, due to the neutral electrical potential
and lipophilic nature, its targeting moiety was usually nonionic lipophilic alkane chains. It is worth
mentioning that our group developed a family of lipid droplets targeting dyes ranging from yellow
to near-infrared (NIR)™,

1.1.3- Nanoparticles used in drug delivery

Nanoparticles are regarded as novel and increasingly used nanoscale material applied in drug
delivery for diagnosis, controlled delivery of therapeutics, and so on. Different types of NPs have
been used in drug delivery: (i) polymeric NCs, (ii) lipid-based NCs and (iii) inorganic NCs. The

following sections refer to the description of some of them.
1.1.3.1- Polymeric nanocarriers

Polymeric NCs involved polymeric NPs, polymeric micelles, dendrimers, and polymeric
hydrogels.

1.1.3.1.1- Polymeric nanoparticles

Polymeric NPs systems, benefiting from bio-friendly properties such as high biodegradability and
biocompatibility, are regarded as efficient tools for drug delivery in controlled and targeted ways.
For the EPR effect, it is optimal to use these particles with a diameter ranging from 100 to 200 nm.
A variety of polymers usually biodegradable have been commonly used for the formation of these
polymeric NCs, for example, poly (D, L-lactic acid) (PLA), poly (¢-caprolactone) (PCL), poly (D,
L-lactic-co-glycolic acid) (PLGA). These polymers could also form copolymers with each other,
or block polymers such as poly(ethylene glycol) (PEG) or d-a-tocopheryl polyethylene glycol
1000 succinate (TPGS), etc. to improve the hydrophilic property[él. Besides this, polymers based
on some polysaccharides, for instance, chitosan, pectin, alginate, etc. are also regarded as
materials for the formation of polymeric NPs"#8l |t is also interesting to mention that some
polymers are capable to target cancer cells, for example, hyaluronic acid and chondroitin

sulfate can target cancer cells where CD44 is over-expressed(“®50],
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1.1.3.1.2 Polymeric micelles

Polymeric micelles refer to micelles formed during the self-assembly process of amphiphilic
polymers at high concentration (above the critical micellar concentration) amphiphilic polymers®2l,
These micelles are usually formed from non-consistently linked di or tri block conjugations of
hydrophilic and lipophilic blocks®% (Figure 1.3). Usually, drugs were encapsulated in the
lipophilic core of the micelle, while the hydrophilic shell provides good solubility of the micelle

in aqueous environment!“8l,

MICELLE

Hydrophilic Head

Hydrophobic Tail

Hydrophilic Medium (Water)

Figure 1.3. Illustration of polymeric micelle architecture. Adapted from ref 531,

1.1.3.1.3- Dendrimers

Dendrimers are different from conventional polymer NPs composed of a covalent assembly of
multiple small polymer molecules. Dendrimers refer to single macromolecules (Mw ranging from
5000 to 500,000 Da) with highly branched three-dimensional (3D) nanoscopic structure and
homogeneous distribution (low PDI)® (Figure 1.4). At present, dendrimers for drug delivery are
built upon the chemical reaction from some basic compounds, for instance, polyglycerol,
polyamidoamine (PAMAM), polyetherhydroxylamine (PEHAM), melamine, polyester amine
(PEA), polypropylene imine(PPI), and poly-L-lysine®. The types of dendrimers are defined from
the number of repeated branched units ranging from around 1 for the premier generation (G1) to
G10 (around 10 units). By conjugating hydrophilic moieties to the dendrimer surface, the water
solubility of dendrimers could be dramatically improved, thus increasing the chance of adopting it

as drug carriers.

15
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Figure 1.4. (A) lllustration of architecture of G2 dendrimers. (B) PAMAM G2 chemical structure
Adapted from ref %],

1.1.3.1.4- Polymeric hydrogels

Polymeric hydrogels refer to cross-linked (by physical entanglements) lipophobic polymer
networks with high integrity having high compatibility to the aqueous bio-environment and
capable of sustainable local release of a drug. These characteristics made it a good candidate for

drug deliveryl®”:58l,

Some drugs could be covalently linked to a polymeric macromolecular carrier via degradable
bonds®*8% which involved the use of different kinds of functional groups for covalent reaction

such as disulfide, adipic dihydrazide, succinic anhydride , etc.[®%.
1.1.3.2- Lipid-based nanocarriers

Lipid nanoparticles (LNPs) are the name used for a family of NPs composed of lipids. Lipid-based
drug delivery systems include liposomes, nano-emulsions (NEs, see a dedicated chapter 1.2-
below), and solid lipid NPs. These LNPs can transport hydrophobic and hydrophilic molecules,
display very low or no toxicity, and increase the time of drug action due to prolonged half-life and
a controlled release of the drugf®. These systems have also demonstrated their considerable

potential in enhancing the biocompatibility of drugsf®3l,

They are common candidates as NCs in the field of drug delivery, bio-imaging, drug discovery,
and so on. It is worth mentioning that LNPs became more widely known in late 2020, for the
reason that some COVID-19 vaccines based on RNA technology use PEGylated lipid NPs as
delivery vehicle to carry fragile mRNA strands (including both the Moderna and the Pfizer—

16
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BioNTech COVID-19 vaccines). Lipid NPs having organic cores are classified based on their
physical state: solid lipid NPs (SLNPs) and nano-emulsions (NEs). SLNPs have a solid lipid core
because they are composed of lipids remaining in the solid state at room temperature®-6¢1. Non-
ionic or ionic surfactants are used as the stabilization agents for their surface. Although the solid
core renders SLNPs relatively stable, the fabrication of dye-loaded SLNPs is challenging, because
the solid lipid can form orientated crystalline domains that gradually expel encapsulated material
to the particle surfacel®”. On the other hand, NEs are dispersion of two immiscible liquids, oil in
water (O/W) or water in oil (W/O) in form of nano-droplets, which are stabilized by an
amphiphilic surfactant, with a diameter below 300 nm[8-7%, NEs can be also in form of doublel™

and multiple layer emulsionst’?.

1.1.3.2.1- Liposomes

Liposomes are self-assembling systems consisting of a bilayer lipid membrane surrounding an
aqueous interior compartment! (Figure 1.5A). They are usually composed of natural
biodegradable compounds, such as phospholipids (Figure 1.5B) and cholesterol. Surface
modification with some groups for adding stealth properties (with PEG) and targeting ability (folic

acid, aptamers, sialic acid, etc.) is also possiblel’,

A B

9
\/\/\/\F\/\/\/\)\o
\/\/\N\/\/\/\[ro\/'\/o\P,o\/\N,
/
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/. \ Cholesterol
/' H

HO=— /H/

Figure 1.5. (A) Hllustration of liposome architecture; (B) Structure of one phospholipid named 1-

Oleoyl-2-palmitoyl-phosphatidylcholine (PC) and cholesterol (Chol).
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1.1.3.2.2- Solid lipid nanoparticles

Solid lipid nanoparticles are consisted of solid lipids and surfactants. Solid lipids, e.g., glyceryl
monostearate, stearic acid, cholesterol, tristearin, etc., are stabilized by a surfactant layer for
colloidal stability in water. Due to the better stability in comparison to liquid core-based NEs, it
is one of the most widely used NCs in drug delivery systems!”. These NPs are capable to pass
through the cell membrane by recruiting P-glycoprotein transportert’s’71. A study indicated better
and selective in vitro cytotoxicity of a drug named aloe-emodin when encapsulated inside solid
lipid NPs. This nanoparticle showed strong affinity to two types of human cancer cell lines,
while low non-specific attachment to a type of healthy tissue cell line. Resulting stronger toxicity

and specificity to tumors compared to native aloe-emodin®,
1.1.3.3- Inorganic nanocarriers

Inorganic NCs is another type of NPs used for drug delivery. This family of NCs consists of gold

NPs, magnetic nanomaterials, carbon nanotubes, nano-silica, and quantum dots[’®2%,

1.1.3.3.1- Gold nanoparticles

Gold nanoparticles (AuNPs) are particles with an Au core coated with a polymer surfacel®82.
They are easy to synthesize and with good biocompatibility. Their surface can be functionalized
with different ligands for targeting, imaging, and therapy (Figure 1.6). A lot of studies suggested
they are good candidates as NCs!®384. As an example, a study using apigenin encapsulated in gold
NPs showed selective in vitro toxicity towards epidermoid squamous carcinoma (A431) and
human cervical squamous cell carcinoma (SiHa) cells while demonstrating no specific toxicity
toward a normal cell line named HaCat!®!. In a recent study, AuNPs decorated with phospholipid

modified with folic acid, showed increased accumulation in the Hela cells!®!.
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Figure 1.6. lllustration of the different surface coating of gold nanoparticles for targeting, drug

delivery, and other. Adapted from ref [,
1.1.3.3.2- Carbon nanotubes

Carbon nanotubes are composed of one or more sheets of carbon atoms rolling upon themselves.
They usually have a diameter of around a few nanometers and a length up to 100 nm. Graphene is
the basic material for the preparation of carbon nanotubes. Due to this fact, carbon nanotubes
usually have special properties such as high electrical and thermal conductivity and extremely high
tensile strength. There exist two classes of carbon nanotubes, namely, single-walled carbon
nanotubes (SWNTs) and multi-walled nanotubes (MWNTSs)® (Figure 1.7). Carbon nanotubes
have also been explored for drug delivery!®l. With suitable chemical modification, these nanotubes

based on carbon atoms could have good solubility in water and increased biocompatibility®®.

Figure 1.7. Conceptual diagram of single-walled carbon nanotube (SWCNT) (A) and multi-walled
carbon nanotube (MWCNT) (B) showing typical dimensions of length, width, and separation
distance between graphene layers in MWCNTSs. Adapted from ref 71,
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1.1.3.3.3- Magnetic nanoparticles

Magnetic nanoparticles are a class of NPs that can be manipulated using magnetic fields. Some of
their characteristics such as small size and magnetic properties render them good candidates for
drug delivery®. Several methods have been explored to make them efficient drug carriers (Figure
1.8). Recently, curcumin magnetic NPs were synthesized to improve the biocompatibility and
efficacy of the drug®®. The drug presented 2.5 folds of loading capacity in serum compared with
its native form. Through the modification of the surface with various target ligands, the particle
could have targeting capability®?l. In this study, the authors, besides using a targeting agent for
tumor targeting, also applied an external magnetic field for better targeting to tumor areas as well
as for reducing non-specific effects to normal tissues. The xenograft mouse model also showed a
better capacity for suppressing tumor growth and prolonged mice lifespan with administration of

drug-loaded magnetic NPs with grafting compared to without.
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Figure 1.8. Illustration of a multifunctional magnetic nanoparticle structure with different types

of coatings, target ligands and imaging agents. Adapted from ref [,

1.1.3.3.4- Silica nanoparticles

Silica nanoparticles are a class of NPs made from silicon materials and their oxides. These NPs
have the advantage of easy surface modification and low toxicity. Additionally, the materials for
the formation of silica NPs are abundant in nature. Thus, silica nanoparticles are regarded as

excellent candidates for drug delivery®3. Broadly, there are two different types of silica NPs,
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namely, nonporous (solid) and mesoporous silica NPs (pore size: 2-50 nm) (Figure 1.9). The
porous characteristics of the mesoporous silica NPs have a larger surface area and lower density,

rendering them promising NPs for drug delivery!®*l,

External
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Qils are retained
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Surface
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Figure 1.9. Illustration of mesoporous silica nanoparticle structure. Adapted from ref %1,
1.1.3.4- Stimuli-responsive nanocarriers

Amongst some ideal characteristics (stability, biocompatibility, reduced leakage during transit) of
NPs mentioned above, stimuli-responsive NCs are mostly studied for targeted drug delivery. These
NCs are responsive to various external factors, such as ultrasound(®®®7 —heat!®8100
magnetism[1021021 |jght[103-1051 nHI108land jonic strength!®’l. Thus, drugs loaded in these NCs are
triggered to be released under suitable conditions, which leads to improved targeting and control
(Figure 1.10). For example, superparamagnetic iron oxide NPs could be combined with polymeric
NCsl%! or lipidst*® to form a controlled drug delivery system that is responsive to the external
magnetic field. It is worth mentioning that multiple stimuli could in most cases be merged on one
NCs system. For instance, Chen et al. developed a multi-stimuli-responsive Au/Fe3O4 polymer
NCs that are responding to magnetic field for localization as well as absorbing in infrared region
for controlled release. The system is developed for use in NIR-triggered chemo-photothermal

therapy!*?l,
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Figure 1.10. Schematic overview of eight different types of stimuli applied in the design of

stimuli-responsive NCs for drug delivery. Adapted from ref (1111,
1.1.3.5- Nanoparticles for in situ uptake

Conventionally, NPs are used as carriers for drug delivery. However, some researches showed
that NPs could also be used as extraction agents to extract toxins or oxidants from media, which
makes them potential candidates for dialysis, de-pollution, and detox. As an example, Chen et al.
developed a cross-linked cationic surfactant nanoparticles (micelles) capable of removing
nutrients of anionic species (CrO4%, SO4*, HPO4*, NOs, Br -, NO2", CI, HCO3", H,PO4’, and F)
found in natural water for de-pollution applications™*? (Figure 1.11). In Figure 1.11, phosphate
is presented in blue in the presence of a colorimetric indicator. Suspension of nanoparticles as
extraction agents was placed within dialysis membranes and exchanged anionic species with 100
mL of Wabash River water (polluted by phosphate). Judging from the blue color intensity
changes of the solution before and after the dialysis process, it is obvious that the phosphate was

extracted by nanoparticles inside of the dialysis membrane (Figure 1.11).
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Figure 1.11. (A) Anion extraction illustration and (B) Wabash River water, before and after
dialysis with QASE NPs. Adapted from ref[*1],

Yukio et al. designed a porous silica nanoparticle for scavenging oxygen species in dialysate to

reduce oxidative stress. The study exploited dynamic covalent chemistry to conjugate reactive

oxygen species (ROS) scavenger called nitroxide radical to silica nanoparticle with surfactant

surfacel*®®l, The functional silica NPs (SiRNP) showed the ability to decrease concentration of

uremic toxins in vivo (Figure 1.12).
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Figure 1.12. Schematic illustration of silica-containing redox NPs (siRNPs). (a) Structure of

siRNPs and (b) application of siRNPs for peritoneal dialysis. Adapted from ref [123],

23



Bibliographical overview

In another research, a magnetic nanoparticle (MAHD) was developed based on the FesO4 host
carrier, and bovine serum albumin (BSA) was conjugated on it for extraction purposes**4l. Model
experiments indicated a dramatic increase in both the removal rate and the overall removal
efficiency of MAHD compared to conventional magnetic nanoparticles without BSA (HD). A
more thoroughly investigated field is nanoparticle used as “cellular nanosponges” for the
extraction of biological components such as chemical toxicant, bacterial toxins, and harmful
antibodies!*®®!. Usually, nanoparticles were coated with cell-membrane with specific decoys for
bio-components. For example, Chen et al. designed a cell-mebrane-cloaked oil nanosponges by
covering olive oil core with red blood cell (RBC) membrane, the nanosponge could soak up
toxicants through physical partition and specifically absorb and neutralize toxicants through
biological binding 61, Nevertheless, nanoparticles use for toxin uptake is still a novel field of

research.
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1.2- Dye-loaded nano-emulsions

1.2.1- Nano-emulsions

Nano-emulsions emerged in the past decade as a promising delivery platform, due to their long-
term stability, low toxicity, high encapsulation efficiency, capacity for rapid large scale
production and biocompatibility propertiest’®7-121  Importantly, they can be built from
components generally recognized as safe (GRAS) and usually, FDA approved™??, They can be
formulated easily using nonionic surfactants conferring a high surface density of PEG, which
ensures their stealth properties concerning the immune and reticular-endothelial system!23-126]
resulting in increased circulation time in blood*?l. On the other hand, oil core is a perfect
reservoir for solubilizing lipophilic guest molecules at high concentrations, in particular, organic

dyes to formulate fluorescent NEs.

Another attractive feature of NEs with oily cores is that they are analogs of particles naturally
present in the body, such as intracellular lipid droplets, and low-density lipoproteins (LDLs).
Lipid droplets are cellular organelles that regulate the storage and metabolism of lipids, which
are found in almost every eukaryotic cell, and are particularly abundant in adipose tissues!*12°1,
Lipid droplets are also a storage for cholesterol and acylglycerols, required for biomembrane
formation and maintenance. On the other hand, LDLs are lipid core-protein shell NPs naturally
present in the blood and ensure solubilization and transport of lipophilic molecules like
cholesterol. LDLs can be considered a drug NCs and have already raised interest in
nanomedicinel®3%131, Therefore, NEs emerge as bio-mimicking “green” NCs, with strong
potential as a future safe scaffold for the preparation of contrast imaging agents and
nanomedicines. In this review, we will focus on NEs as NCs of fluorescent dyes, their fabrication,

properties as well as bioimaging and biomedical applications.
1.2.2- Preparation of dye-loaded nano-emulsions

1.2.2.1- Components of NEs: Oil

We can use a broad range of oils, natural or synthetic in the formulation of NEs. However,

biocompatible oil phases from the vegetable origin are preferred, such as re-esterified fractions
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derived from soybean 0il(**>1%] sesame 0il™3%], cottonseed 0il™*®, sunflower 0ill**"], coconut
0il*38 rice bran oil (see examples in Figure 1.13A)™% A major limiting factor to use natural
oils of vegetal origin is their instability. The relatively high content of unsaturated esters in linseed
oil makes it susceptible to polymerization reactions when exposed to air**l, D-o-Tocopherol
(vitamin E) family has also been extensively used as a carrier in NEs 242441 Oleic acid and ethyl
oleate have also been used in oral, topical and parenteral NEs[4>146] Alternatively, synthetic oils
are also widely used, which include long-chain triglycerides (LCT), medium-chain triglycerides
(MCT) or short-chain triglycerides (SCT). Depending on their chain lengths they are used either
alone or in combination to formulate NEs. Among them; MCT (e.g. Labrafac® WL) is one of the
most common synthetic oils used for formulation of NEs. Solubility of encapsulated compounds
(drugs or dyes) in the oil phase is an important factor to consider when choosing the oils used in
NEs formulation.

1.2.2.2- Components of NEs: Surfactant

Surfactants are essential for formulation of NEs, because they reduce the interfacial tension and
prevent nano-droplets from aggregation. During the formulation process, they rapidly adsorb at
oil-water interface of the newly formed droplets, providing stabilization to NEs by steric and/or
electrostatic forces. For that purpose, nonionic surfactants are widely used. They present the
advantage to decorate the droplets with a PEG layer, which strongly stabilize the droplets. Some
of them, like ricinoleate PEG-35 amphiphile (e.g. Kolliphor® ELP) are parenteral grade
molecules, used in clinical formulations with a variety of oilsf®l. Other similar non-ionic
surfactants were also employed: Tween 20, 40, 60 and 80 (Polyoxyethylene sorbitan
monolaurate)47-14%1 Span 20, 40, 60 and 80 (Sorbitan monolaurate)*5%*51 and Kolliphor® HS-
15 (polyoxyethylene-660-hydroxystearate) (see examples in Figure 1.13B)[*%2. In addition,
common surfactants of different chemical nature can be also used for NEs preparation:
poloxamers (also known as Pluronics)*>3l  amphiphilic proteins like casein[5+1%%]
lactoglobulin™®! polysaccharides (e.g., gums, starch derivatives)!*>1 and PEG containing block
copolymerst*8l, Jonic surfactants have also been used for preparation of NEs, like for instance,

sodium dodecyl sulfate and docusate sodium salt (AQT)[5°16%,
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Importantly, natural lipids also mentioned as emulsifying agents. In particular, phospholipids,
like phosphatidylcholine (lecithin, Figure 1.13B) bearing a zwitterionic head group™3, and their
PEGylated analogues, have been extensively used for preparation of NEs. In case of saturated
lipids, their monolayer at the surface was hypothesized to be present in gel (solid) phase, so that
these NEs droplets were also called nanocapsules*6216%l. Cholesterol, a natural molecule used for
stabilization of liposomes, can also be used for similar purpose in NEs formulations64l,
Ultimately, in a biomimetic approach, lipid membranes from blood cells have also been used to
stabilize NEs for in vivo applications*®],

In addition to the formulation of simple oil nano-droplets structures, several literature reports
proposed modifications to control their surface properties: for example, the addition of a small
amount of amphiphilic polyelectrolytes in the formulation, such as PMAO (poly(maleic
anhydride-alt-1-octadecene)), results in the decoration of the droplets interface with carboxylic
acid functional groups!*®l. An approach based on layer-by-layer (LbL) assembly onto the droplet

surface has also been proposed!*671,
1.2.2.3- General principles of NEs preparation

Owing to the large interfacial area developed at the water/oil interface of NEs, they are present in
a metastable state. Interfacial area indeed involves a high Gibbs free energy (AG) of the system
according to the equation AG = 6AF — TASI®8l where AF is the change of the surface area of
interface, AF is the increase of interfacial area, o is interfacial tension at the boundary between
the internal phase of NEs and the dispersion medium, T is the temperature and AS is the change
of entropy 6%, The higher Gy, the higher the system instability, and this is due to the interfacial
energy created (AA). Therefore, the main challenges in the preparation of emulsions include
control of the stability and the need to decrease surface tension as well as the need to supply some

energy to increase interfacial area during the formulation.

In the case of macro-emulsions (diameter higher than micrometer), the stability issue is very
important to consider. On the other hand, in the case of NEs (below 300 nm), droplets are so small
that, even if Gr is much higher, droplets are stabilized because of their size range, that prevents
the effect of gravitation (i.e. droplets are Brownian particles that do not cream). In addition, nano-
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droplets do not flocculate for steric reasonsl*’%*"1l, Stability is in fact one of the main interesting

features of nano-emulsions compared to other lipid-based NCs.

NESs can be prepared by either high energy or low energy methods™?%. Indeed, the huge interface

can be created by supplying a large amount of energy[*®® but also by physico-chemical (low

energy) methods,

so-called spontaneous emulsificationt*’,

with takes benefit of the

physicochemical properties of the nonionic surfactants to breaks-up the oil phase into nano-

droplets. The spontaneous nano-emulsification method follows very simple processes, where an

aqueous phase is added to a homogenized mixture of oil with the surfactants under intensive

stirring (Figure 1.13C). This process is usually with temperature control, which depends on both

oil and surfactant. The simplicity of this formulation method makes it especially attractive,

allowing rapid production and industrial scale-up.
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1.2.3- Dyes and dye-loaded NEs

Although the dye-loaded NPs have been intensively studied*>-17¢  the research on dye-loaded
NEs is still in its infancy. The goal of a successful formulation of dye-loaded NEs is a high and
efficient loading, high particle brightness and stability with minimal dye leakage. Indeed, the dye
leakage diminishes the brightness of fluorescent NEs, but increases the background because of
the leaked dyes. Dyes inside NEs generally loaded by non-covalent methods, which means that
the non-polar oil environment of NEs physically entrapped the dye. In this method, dyes are
dissolved in the oil before the process of NEs formation””. In some cases, the nano-
emulsification process needs to be adapted to prevent dye degradation, for example by modulating
the temperature or changing the type of surfactant!*’®17 |n cases when dyes have limited
solubility in oil, an organic solvent is concomitantly used with dyes, surfactant, and oil 8, |t is
then evaporated before the nano-emulsification™. While the dye solubility in oil is improved
due to the amphiphiles (surfactants).

1.2.3.1- Dyes for NEs

The key to prepare dye-loaded NEs is proper selection/design of the encapsulated dyes, in order
to achieve high solubility in oil, efficient dye loading and high brightness. There already existed
variety of dyes for loading NEs (Figure 1.14). There also exist several strategies for dye
encapsulation into NEs, which are aimed to improve dye solubility in oil. The most common and
efficient approach is covalent modification of dyes with lipophilic chains*?318. |ndeed,
practically all examples of dyes for NEs loading bear alkyl chains (Figure 1.14). Increase in the
dye lipophilicity has several positive effects. First, it improves dye solubility in oil and thus
enables efficient loading of dyes and ensures long term stability of NEs without dye
precipitation?31821 Second, higher lipophilicity will shift the water/oil partition towards the oil
core, which inhibit the dye leakage, commonly observed for NEs[*23178179 Finally, the dye could
be chemically grafted to the components of NEs, such as oil or surfactant molecules 81, The
second approach, which is applied to charged dyes (like cyanines) is the use of bulky hydrophobic

counter-ionstt7817°1,
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700 nm 800 nm

Figure 1.14. Examples of fluorescent lipophilic dyes used for preparation of dye-loaded lipid
NEs organized by their emission wavelength in oil. (X" is counter-ion, inorganic anion or

tetraphenylborate).

1.2.3.2- Challenges in dye-loaded nano-emulsions

1.2.3.2.1- Brightness of dye-loaded nano-emulsions

Brightness of dye loaded NEs is crucial for bioimaging applications because it is directly relevant
in obtaining images with high resolution. High brightness of dye-loaded NEs is beneficial for the
quality of image obtained, because stronger capacity of NEs to emit intense fluorescence light
could result higher signal-to-noise ratio of the image and the temporal and special resolution of
the imaging. In general, the brightness (B) of a NE droplet is defined by the equation applied to
any dye-loaded nanoparticle!*’®l: B=nxexQY, where n is the number of fluorophores loaded in
the oily core, € and QY correspond to the extinction coefficient and fluorescence quantum yield
of the loaded dye inside NE particle. In the search for brighter dye-loaded NEs, there exist three
different ways to improve the brightness of dye-loaded NEs based on this equation. The first way
is to increase the number of loaded dyes, which is to increase the n in the equation. Increase the
size of NEs is one way to achieve this, because the larger volume of NEs corresponds to larger n
for the same dye concentration. Second way is to increase in the dye concentration inside NEs.
In achieving this purpose, firstly, dye with good solubility in oil is required. As mentioned above,

one way is to modify dyes with lipophilic groups. Long alkyl chains have been used by Texier et
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al. to improve the optical properties of lipid NEs loaded with cationic cyanine dyes DiD and
DiR[®1. Either of them were encapsulated into NEs with encapsulation efficiency of 99% to reach
dye concentration of 3.9 mM in oil core, without any observed fluorescence self-quenching. An
increase in the fluorescence quantum yield @ from 0.28 to 0.38 and fluorescence lifetimes t from
1.0 to 1.8 ns were observed for DiD inside NEs vs. organic solvent. Authors observed similar
tendency observed for DiR: @ increased from 0.13 to 0.25, while t increased from 0.57 to 1.1 ns.
These effects assigned to the fact that oil core is more viscous compared to the organic solvent.
Having 350 dyes per particle, the brightness of DiD-loaded particles scored up to 1.6 x 10’ M
cm 181 this brightness are even higher than the reported highest values for QDs (~ 4 x 10 M
cm )28 dye-loaded silica NPs (~ 2 x 108 M~ cm™)1286] and polymeric micelles (~ 5 x 10° M

Cmfl)[187]_

When dyes are loaded at high concentration, a fundamental problem of aggregation caused
quenching (ACQ) arise due to the close proximity of the encapsulated fluorophorest*8l. In our
previous studies, we showed that Nile Red and NR688, self-quenched at high concentrations
inside the oil core, indicating that its planar structure favors dye aggregation at high
concentrations™™?®l. Dye aggregation can also result in the destabilization of NEs and sometimes
in dye precipitation!*?®l. Therefore, we should avoid ACQ as much as possible. Our group
developed two ways to prevent ACQ behavior in dye-loaded NEs. One way is by incorporating
bulky lipophilic groups, for example, 3-alkoxychromone derivative F888 (Figure 1.14), which
bears bulky groups to prevent direct n-n stacking showed a remarkable resistance to ACQ even
at very high dye loading, showing up to 78% fluorescence QY at 10 wt% loading in the oil
core?®l, Another way is by using bulky hydrophobic counter-ions in cases of encapsulation
cationic dyes. For instance, DiD and DiR bearing long alkyl chains used for loading into NEs
[180] " they are prone to form self-quenched m-stacked structures (H-aggregates) at high
concentration*® which are responsible for strong ACQ. After replacing their small hydrophilic
counter-ion (i.e. perchlorate, iodide, etc) with bulky hydrophobic counter-ions*’318, The jon
pair of cationic cyanine dye Dil (same dye family as DiD and DiR) with tetraphenylborate TPB
(Dil-TPB, Figure 1.15), showed >40-fold improved solubility in labrafac, allowing dye loading
up to 8 wt %78l It was remarkable that even at 8 wt% Dil-TPB loading only negligible dye
aggregation was observed judging from the optical absorption measurements of the dye-loaded

NEs. Only 3.5-fold decrease in NEs quantum vyield was observed by increasing the dye
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concentration by 80-fold (from 0.1 to 8 wt%). This led to the increase of estimated particle
brightness 23-fold (80/3.5) compared to the NEs with of 0.1 % dye loading. The obtained 90 nm
NEs encapsulating ~12000 dyes per droplet showed a quantum yield of 0.14, which corresponded
to theoretical brightness B = 2.5x 108 Mt cm™. This value was close to that obtained
experimentally (B = 8.0 x 10’ M~ cm™) by single-particle microscopy with reference particles
(FluoSpheres™) of known brightness. The latter value was >100-fold brighter than quantum dots
of similar emission wavelength with quantum yield of ~0.5 and extinction coefficient at the long-

wavelength maximum of ~1 x 10° (B ~ 5.0 x 10° Mt cm™).
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Figure 1.15. Chemical structures of Dil perchlorate and Dil-TPB and schematic presentation of

a nano-droplet encapsulating them. Adapted from ref [178],

Brightness of dye-loaded NEs is also closely associated with the characteristics of dye itself,
notably its extinction coefficient and quantum yield. A lot of research have been done in the past
few years on the developing of novel dyes with improved brightness characteristics™®, although
the efforts to design bright dyes specially for NEs are still limited. Earlier, Zyabrev et al.[**!
introduced the dioxaborine barbituryl moiety and then Kovtun et al. designed new fluorophores
based on dioxaborine complexes and indolenine moieties!®21%, By combining these design
approaches, we recently reported a series of fluorophores called StatoMerocyanines. They are
composed of an indolenine moiety and a bulky barbiturate rigidified by a dioxaborine complex,
which are ultrabright in oil and used as lipid droplet markers in cellular and tissue imaging!®!.
They displayed remarkable high molar extinction coefficients (up to 390 000 M cm™) and
guantum yields up to 100%. However, the dye compatible with common 488 nm excitation
(SMCy3) showed modest quantum yield of 0.25 and extinction coefficient of 87,300 M cm™.
Therefore, the indolenine group replaced with aniline unit yielding new fluorophores called
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dioxaborine barbituryl styryl dyes (DBS) and incorporating long alkyl chain (DBS-Cs, Figure
1.16). This dye showed a good molar extinction coefficient of 120 000 Mt cm™ (two times higher
than Nile Red) and an increased quantum yield of 0.98 (similar to Nile Red)*4. The brightness
of DBS fluorophores in oil was enhanced due to their viscosity™™*4, a phenomenon similar to that
observed earlier by Texier et al using cyanines*®l. The developed DBS dyes showed highest
brightness (quantum vyield and molar extinction coefficient) in castor oil (with the highest
viscosity) compared with other oils (e.g. MCT and VEA)[1%5:19],
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Figure 1.16. Correlation of the fluorescence quantum yield of DBS dyes and NR668 with the
viscosity of the media. 7 is the solvent viscosity expressed in mPa.s. Red arrows show rotational

freedom in DBS-Cs dye, responsible to viscosity effect. Adapted from ref (1441,

1.2.3.2.2- Photostability

High photostability of dye-loaded NEs is almost as important as brightness for high-quality
fluorescence imaging, because it defines the number of photons emitted by the system before
complete photobleaching. Photobleaching, which is a loss of fluorescence intensity (brightness)
over time on continuous exposure to light, is a common problem of organic dyes. It is a common
problem for cellular microscopy experiments when the same region of cells repeatedly imaged.

In the study of Gravier et al.!*3 the increase in the DiD concentration from 1.2 to 4 mM, increased
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in the photobleaching rate by 63 %. However, further increasing the concentration to 10 mM
decreased the photobleaching rate to the same as 1.2 mM. The first phenomenon was attributed
to photoproduced oxidized radicals that could react with neighboring fluorophore. By increasing
the dye concentration, the bleaching reaction should be faster when the dye concentration is below
dye self-quenching concentration. However, after the dye loading concentration reached the self-
quenching value, dye would form aggregates, thus lower down the concentration of reactive dye

species concentration, leads to a higher resistance to photobleaching.

In addition to photo-degradation of encapsulated dyes, intense light irradiation can directly affect
the stability of dye-loaded NEs['%. Indeed, our earlier studies with NEs loaded with NR688 dye
showed that strong irradiation for a few seconds can not only induce photo-degradation of the
dye, but also its effective release into biological environment. The effect found to be oxygen-
dependent, indicating that that some photochemical degradation of the NEs and/or dye could
trigger dye release of NEs. This originally unwanted phenomenon was then applied for a light-

controlled release of NEs cargos in cells and in zebrafish embryol*%l,

1.2.3.2.3- Stability and cargo release

When the dyes are non-covalently encapsulated inside NCs, they may undergo a leakage that
depends on both dye and nanoparticle platform!**”l. As mentioned above, it is important to prevent
the dye leakage, because it decreases the particle brightness, but increases the background signal
caused by the released dyes. Therefore, the leakage lowers the imaging contrast obtained with the
dye-loaded NEs and can be a source of important artifacts™?3l. Unlike solid lipid particles, due to

the liquid nature of dye loaded NEs, dye are more prone to leakage issues*%1%1,

Characterization of dye release from hydrophobic reservoir of NEs and NPs is challenging using
classical methods, such as dialysis?°*?°1l. The point is that hydrophobic cargo is poorly soluble
in water, so that in the conditions of dialysis in pure water, NEs would produce false impression
of good stability. Unfortunately, the use of acceptor media containing organic solvents (like
ethanol and isopropanol) is not compatible with NEs because they can destabilize the nano-
droplets. Moreover, dialysis is difficult to realize in the presence of serum, as serum particles are
much larger than dialysis membrane and could alter its function. Analysis of particle size is very
useful to understand stability, although dye leakage is not always associated with changes in the

particle size and measurements of particle size in complex biological systems is prone to artifacts.
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Methods exploiting light absorption and fluorescence of the encapsulated dyes can help to
understand the problem of dye leakage and NEs stability. The simplest approach uses optical
spectroscopy, where the dye aggregation or leakage can lead to changes in the absorption and
emission wavelengthst2%2-2051, One of the most powerful methods to understand particle integrity
is Forster resonance energy transfer (FRET). Since short donor-acceptor distances are required
for the efficient FRET (2—-10 nm), one should achieve mM concentrations of dyes to realize FRET
inside the nano-droplets. This means that we can use the efficiency of FRET as the tool to monitor
the concentration of dyes loaded in the NEs and thus dye leakage behavior. This approach was
successfully used for variety of NPs in order to understand their stability and the cargo leakage
in solution and directly in small animals: polymeric NPs[?%! conjugates with quantum dots?°"],
and dye-loaded lipid NPs[?%l, When using this technique, the FRET pair should be carefully
chosen in order to have good overlap between emission band of the donor and the absorption
band of the acceptor, while keeping donor and acceptor emission bands well separated to avoid
their overlap?. A complementary approach to study stability of fluorescent NPs is Fluorescence
correlation spectroscopy (FCS), a well-known technique in biophysics®? and materials
science!?!l that allows to study in situ diffusion of emissive species. Similar to DLS, it can
provide information about the hydrodynamic diameter. Moreover, we can used it in situ in
biological media, including serum, which is challenging for DLS. Therefore, it was successfully
used to study interactions of NPs with serum proteins and formation of protein corona of NPs
[176.212]  The unique feature of FCS is that it can provide information about brightness and the
number of emissive species. The two parameters are directly linked to the stability of NPs,
because once the fluorescent cargo is released into recipient media (e.g. serum), the number of

emissive species increases while their brightness decreases(*?3201,

In our early studies, we focused on the development of stable non-leaking dye-loaded NEs based
on Nile Red*%], To ensure proper loading and stability against dye leakage, parent Nile Red
functionalized with three hydrophobic alkane chains (NR668, Figure 1.17C). Then, using FRET
and FCS techniques, we compared stability of NEs loaded with NR668 vs the parent analogue:
Nile Red. To design FRET NEs, they were loaded with a FRET donor dye F888 (Figure 1.17C),
which is blue dye also bearing three lipophilic chains and its emission showed good spectral
overlap with the absorption of Nile Red dyes. Efficient FRET could be achieved at 0.5 wt.%
loading of both donor (F888) and acceptor (Nile Red or NR668) (Figure 1.17B). Then incubation
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in serum revealed that FRET NEs based on Nile Red acceptor lost their FRET signal already after
3 min of incubation, whereas only minor release for NEs loaded with NR668 after 6 h at 37 °C
(Figure 1.17C). This result indicated that lipophilic version of Nile Red, NR668, had stronger
stability against leakage than Nile Red. The stability of NEs was then studied by FCS through
monitoring the brightness and number of the emissive species in the serum medial*?, In this case,
Nile Red-loaded NEs showed rapid increase in the number of emissive species and drop of the
particle brightness already after 5 min of incubation in serum, whereas these parameters were
relatively stable for NR668 cargo. These FCS results correlated well the FRET data, confirming
the importance of lipophilic alkyl chains in the stability of NEsI*%l Another interesting
application of FRET with NEs was to monitor their formation process. Sanchez Gaytan et al.[?*]
used a micro-flow-homogenizer to mix basic components to form NEs along with two lipophilic
dyes, DiO and Dil, upon NEs formulation, the FRET pair was encapsulated into the oil core,
triggering FRET (Figure 1.17E). As the NEs formed, authors observed an increase in the acceptor
fluorescence intensity and decrease in the donor fluorescence intensity, so that the color changed

from the green to red (Figure 1.17F, G).
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Figure 1.17. (A) Schematic presentation of FRET NEs. (B) Fluorescence spectra of FRET NEs
at different concentrations of donor (F888) and acceptor (NR668). (C) Investigation by FRET of
the dye release from NEs in different media: water, Opti-MEM (OM) and Opti-MEM with 10
vol.% FBS (OM+FBS). (D) FRET quantification as the fluorescence intensity ratio between the
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maximum of the donor (450 nm) and acceptor (590 nm). (E) Schematic illustration of the
microfluidic setup to study formation of NEs by FRET. (F) Emission spectra of NEs containing
different Dil/DiO concentration ratios, excited at 458 nm. (G) Emission spectra recorded inside
microfluidic device at indicated ROIs: ROI 1 corresponds to the organic phase; ROI 2 lies at the
periphery of the solutions mixing area, and the ROI 3 corresponds to the central mixing area,
where NEs expected to form. (B-C) Adapted from ref [12%l. (E-G) Adapted from ref [213],

To minimize dye leakage, it is also possible to directly graft the dyes to the oil or surfactant
component used for the formation of NEs[?'4l. Patel et al. described an approach to monitor a two
oil phase NEs system where each component separately labeled by fluorescent dyes, namely, Cy3
conjugated with perfluoropolyether (PEPE) oil and DiR dissolved in the outer hydrocarbon oil
phase. This formulation showed great size stability and resistance to fluorescence signal losing
over time. Jarzyna et al. described a way to formulate a multifunctional nanoparticle system with
Cyb.5 grafted on the lipid surfactant (DSPE-PEG) at its PEG end and iron oxide encapsulated in
the oil corel*8l, Another way to prevent leakage of dyes is by using cationic lipid that provide
ionic interactions inside oil core, similar to bulky hydrophobic counter-ion TPB, mentioned
above. It is reported that cationic lipid stearylamine (SA) can enhance stability of NEs loaded
with indocyanine green (ICG), a water-soluble, amphiphilic anionic tricarbocyanine dye. The
incorporation of this lipid would trigger electrostatic interaction with nearby anionic ICG, thus

preventing ICG from aggregation and destabilization of the NEs[?5],
1.2.4- Surface modification of NEs

Surface functionalization of NCs is a key step towards biomedical applications that include
targeted imaging and drug delivery. However, so far, surface modification of NEs remains
challenging because of their liquid nature. Indeed, in contrast to solid inorganic and organic NPs,
the surface of NEs is highly dynamic because surfactant can readily exchange with the
environment and thus lose a grafted functionality. Nevertheless, a number of approaches for NEs

functionalization were proposed.

The most common method is based on functionalization of PEGylated lipids (e.g. DSPE-PEG),
which insert at the NEs interface as a surfactant. On the one hand, it allows grafting fluorescent

dyes to the NEs surfacel®ll, On the other hand, DSPE-PEG enables grafting tumor targeting
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ligands, like RGD. In the study by Texier and co-workers, 9.2% of surfactant was replaced with
DSPE-POE5000-maleimide, which bears thiol reactive group used for grafting RGD moiety?€l,
PEGylated surfactant bearing stearate lipophilic chain and reactive groups have also been used
for chemical functionalization with RGD ligand?*”l. More recently, Niko and co-workers
proposed an original approach, where the commonly used surfactant (Cremophor® ELP) for
formulation of NEs was functionalized with azide groups[?'él. Afterward, these obtained azide-
bearing NEs successfully functionalized with cell penetrating peptides, which enhanced their
internalization into cancer cells in vitro. In another recent study, lipophilic amine oleylamine was
used to graft targeting ligand RGD and fluorescein to NEs, which showed higher cellular update

in vitro compared to analogues with RGD ligand[?*].

An emerging strategy to modify NEs surface is to use amphiphilic polymers. In a recent study,
NEs were formulated with the lipophilic poly(maleic anhydride- alt- 1- octadecene) (PMAO),
which can hydrolyze into a amphiphilic polymer containing negatively charged carboxylates
localizing at the NEs-water interfacel*%¢l, Followed by this study, our team developed an antibody
functionalized NEs based on a similar PEGylated PMAO derivatives. The formed NEs were

capable of targeting VCAM-1 for early detection of senescent endothelial cellsf??,
1.2.5- Biological applications of fluorescent NEs
1.2.5.1- Imaging at the cellular level

1.2.5.1.1- Studying the pathway of NEs entering cells

Dye-loaded NEs showed the potential as a tool to understand the interactions of NCs with cells.
After internalization, NEs could release their content to the cells. Generally, there exist two main
paths for the internalization of NPs: endocytosis??!l and micropinocytosist???l, It was shown that
NPs with size above 300 nm preferentially internalize through macropinocytosis, whereas below
this size they usually undergo endocytosis??®l. As the size range of NEs is usually between 20
and 200 nm, endocytosis is their main internalization pathway. Endocytosis is an active energy-
consuming process that ensures entry of substances into the cells??4l, Based on previous reports
on NEs, it is clear that their internalization is a complex function of different factors, including

size, nature of emulsifiers, carrier oil and interfacial characteristics (surface charges)?2>-227],
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Focusing on size effects, Fan et al. studied the cellular uptake of NEs with three droplet diameters
(170, 265 and 556 nm)[??8l. Through analyzing the cellular uptake efficiency based on the
fluorescence intensity of loaded dye inside the cells, authors found strong dependence on the
nano-droplet size. The conclusion was that NEs of smaller size could enter into cells by
endocytosis faster than larger NEs. Zheng et al.[??%1 also showed an increased uptake for lower
droplet size of NEs loaded with 5-demethyltangeretin (5DT) (Figure 1.18A). In this study, authors
measured the internalization of 5DT into a suspension of HCT116 cells from different media.
They loaded same amount of the compound into medium chain triglyceride (MCT) and NEs with
different sizes (67 nm, 125 nm and 203 nm), after incubation for 0.25, 1, and 4 h. HPLC
determination after 5DT extraction from cells suggested that 5DT internalization was highest
when delivered in 67 nm NEs. The internalization rate for other conditions was 92.9%, 30.6%,
5.9% and 13.1% (referring to that of in 67 nm) in that of 125 nm NEs, 203 nm NEs, bulk water
and MCT, respectively. The low internalization of 5DT when delivered from bulk water and MCT
suggested minimal interference of direct leakage from NEs to cells, highlighting the role of
endocytosis of NEs containing 5DT. Result of fluorescence microscopy images of Nile Red-
loaded NEs internalization, which further confirmed the fact of smaller nano-droplet size favoring
better internalization (Figure 1.18B). The effect of nano-droplet size on the internalization was
confirmed by fluorescence microscopy of cells In the study by Yi et al., authors found out that
smaller droplet size of lipid-based emulsions improved efficiency of a cargo (drug) delivery,
defined by the amount of loaded drug recovered in the aqueous phase after ultracentrifugation!3,
Two possible mechanisms have been proposed to explain the effect of sizel?32%21, The first one
is size-dependent contact curvature: smaller particles have more adhesive contacts with the
cellular membrane and less energy is required for deforming membrane around droplets for the
formation of the endosome!322%3 Second one is size-dependent droplet deformability, where
smaller droplets exhibit more defined spherical shape with lower deformability and thus can

easier enter the cells[231:232],
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Figure 1.18. The effects of three different droplet sizes on cellular uptake of lipid-based
emulsions (A) Relative uptake of emulsions of different diameters by Caco-2 cells. (B) CLSM of
Caco-2 cells grown on glass coverslips after exposure to three different droplet size lipid-based
emulsions containing Nile red. (C) Intracellular levels of 5DT at different times after incubation
with different emulsions. (D) Area under the curve (AUC) of intracellular levels of 5DT after

treatment with different emulsions. Adapted from ref (228229

However, one should also take into account that size of NEs can also influence their stability,
especially dye leakage. Indeed, larger NEs with less surface-volume ratio can be more stable in
the holding of dyes with lower problem of leakage. Our previous studies showed that the dyes
can be released before NEs enter the cells*?®l. Indeed, when NEs loaded with Nile Red incubated
with cells, microscopy images showed strong fluorescence emission from cells after 15 min
(Figure 1.19B). By contrast, incubation with NR688-loaded NEs showed no detectable
fluorescence signal even after 2h of incubation at r.t. (Figure 1.19C). These results suggest that
NR668 NEs do not enter the cells in these conditions, whereas Nile Red undergoes fast leakage
out of the NEs followed by intracellular accumulation. These data, in line with FRET and FCS
results for Nile Red and NR668 (see above), can be explained by insufficient lipophilicity of Nile
Red, so that its affinity to the oil core of NEs is not strong enough to be efficiently protected in
biological environment. Therefore, great attention should pay in cellular studies using Nile Red
or other medium-lipophilic dyes as the loading cargo for NEs. The absence of signal from NR668-
loaded NEs with cells suggested remarkably weak interactions with the cell surface. On the one
hand, it can be explained by high deformability of these liquid-core NEs, in line with other studied
mentioned above 231232, To modulate NEs surface chemistry, negatively charged carboxylates
were inserted to NEs interface using amphiphilic polymer PMAO!%], The obtained NEs
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containing 1 % of PMAO and loaded with NR668 were able to enter the cells in 2 hours, which
was not the case of the parent NEs without polymer. Thus, negatively charged carboxylates on
the NE surface favor interactions of NEs with cells and their internalization!*®®!, However, surface
chemistry of NEs requires further work, in order to control better their interactions with cells.

NP

<4 NRe6s

Figure 1.19. Imaging cells incubated with NEs loaded with Nile Red and its lipophilic derivative
NR668. (A) Presentation of NEs loaded with Nile Red or NR668. (B,C) Combined fluorescence
and transmission images of HeLa cells incubated with nano-droplets containing 0.1 wt.% of Nile
Red (B) or 1 wt.% of NR668 (C) for different times: 15 min and 2 ht*%1,

1.2.5.1.2- Tracking nano-droplets inside cells

Single particle tracking in cells is a great way to gain insight into the dynamics of intracellular
trafficking and other macromolecular behaviort®4l. It is also important for understanding how
nano-objects interact with the intracellular environment. The most important aspect of single-
particle tracking in cells is usually high signal to noise ratio and tracking time. The first method
to improve this is usually by using two-photon excitation (TPE) imaging, since cellular contents
are generally transparent under infrared excitation wavelength[?*5-2%1_ However, it is a scanning
technique, which is slower than wide-field single-photon excitation, which can easily provide
video rate imaging of single molecules and NPs[*441782381 The key approach to improve signal to
noise ratio is to use NPs of highest possible brightness. Up to now, most of particle tracking
experiments in cells have been done using quantum dots, because they are 10-100 times brighter
than single organic dyes and feature high photostability, which allows robust continuous

recording of single-particle traces*2*!), Nowadays, organic NPs started gaining popularity
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because of improved quantum yield, brightness and controlled small size, which enables them to

be tracked with high precision and for longer periodst?42-2441,

Recently, a novel dioxaborine dye named DBS-Cg was developed and encapsulated into NEs with
vitamin E acetate as liquid core (around 40 nm) at high concentration of 37 mM in oil without
obvious aggregation caused quenching issue and a high quantum yield of 0.441244, Moreover, in
comparison to NR668, it showed significantly improved photostability and single-particle
brightness. These improved optical properties of fluorescent NEs enabled their single-particle
tracking as well as determination of their trajectory and velocity in the cytoplasm (Figure 1.20).
Remarkably, NEs bearing negative surface change due to presence of PMAO polymer at the
interface significantly decreased the intracellular mobility of NEs, probably due to increased non-
specific interactions with the intracellular components (Figure 1.20). This successful example
shows a strong potential of dye-loaded NEs as a tool for particle tracking analysis and the

importance of dye design for achieving desired optical properties.
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Figure 1.20. Microinjection of DBS-Cg-loaded NEs (41 nm) in HelLa cells and their individual

tracking. Images of HeLa cells microinjected with negatively charged NEs (A-B) and neutral NEs

(C-D). (A, C) Transmission light microscopy 5 min after injection. (B, D) Epifluorescence

imaging 15 s post-injection; the NEs are in red and the nuclei are in blue; white arrows indicate
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the injection point. (E) Example of a HeLa cell microinjected with neutral NEs where single NEs
have been spotted (blue spots) and their trajectory, scale bar is 3 um. (F) Histogram of NEs’
velocity in the cytosol obtained by individual NEs’ tracking from movies right after injection (30

s, 50 ms acquisition time). Adapted from ref [144],

1.2.5.1.3- Cytotoxicity

To understand the cytotoxicity of dye-loaded NEs, it is crucial to investigate the cytotoxicity of
NEs itself. Among the two components, oil and surfactant, the latter can be a source of toxicity,
because surfactants are known to provide multiple toxicity effects on cells and they are the part
of NEs directly in contact with cells?*®]. In this case, the earlier studies on drug-loaded NEs shed
light on the cytotoxicity of NEs without dyes. Yoon et al. focused on the effect of surfactant of
NEs cytotoxicity in different cell lines (NIH3T3, H9C2, HepG2, hCPC, and hEPC). They
detected no obvious cytotoxicity NEs (2.5 mg/mL of oil) formulated with Tween 80 and
lecithin[?*¢1, Other researches also showed no clear cytotoxicity of NEs under low surfactant
concentrations (5 mg/mL)462471 However, cytotoxicity might vary from one surfactant to
another when NEs applied at high concentration. Vater et al. compared the cytotoxicity of
lecithin-based NEs with NEs based on conventional surfactants on human skin cells (primary
human keratinocytens as well as fibroblasts). Result indicated certain toxicity of high
concentration of NEs (75 mg/mL of oil), and that toxicity of NEs based on synthetic surfactants
(SDS, SLES, APG and Tween 80) showed stronger cytotoxicity (nearly 0% viability) than those
based on natural lecithin surfactant. Meanwhile, our previous data showed that in case of NEs
formulated with GRAS components (labrafac and Kolliphor® ELP), the cytotoxicity observed

only at relatively high concentrations (7.5 mg/mL surfactant and 7 mg/mL oil).

Dye loading inside NEs usually does not contribute to increase the cytotoxicity of NEs, because
its concentration in the oil rarely exceeds 1 wt.%. In our previous studies, the cytotoxicity of even
heavy loaded NEs with cyanine dye (8 wt.%) and its bulky counter-ion (Dil-TPB) remained
similar with empty NEs, except the highest concentration (21 uM Dil-TPB dye concentration, 15
mg/mL oil)[*8 However, this dye concentration was at least 20 times greater than that normally
used in imaging experiments, indicating that these dye-loaded NEs are usually non-toxic for bio-

imaging at the cellular level.
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1.2.5.2- In vivo applications

NEs are particularly attractive for in vivo imaging and cargo delivery in comparison to small
organic dyes because of their prolonged circulation periods, as well as the ability to encapsulate
different cargos, both contrast agents and drug moleculesi!™. In the past decades, intensive
researches have been conducted about the fate of NEs in vivo, their bio-distribution and their

disintegration process.

1.2.5.2.1- Dye-loaded NEs in Zebrafish embryo

The zebrafish embryo is becoming a powerful vertebrate model for quantitative optical imaging,
owing to its high transparency in the embryonic and larval stages>*l. Recently, it also appeared
as promising in vivo model for studying and treating diseases, especially cancer?4%20 The
application of dye-loaded NEs in zebrafish was initially reported by us using NR668 dye as non-
leaking cargo!*?3l. Authors injected NEs into the heart of the embryo followed by live imaging of
their bio-distribution. Results showed co-localization of fluorescence from NRK with that of
eGFP expressed by the zebrafish transgenic line, indicating the evenly distribution of the dye over
the whole embryo (Figure 1.21C), whilst, no co-localization for NR668 loaded NEs, which
existed exclusively in the blood circulation without leakage (Figure 1.21F) was detected. This
study in one aspect, validated NEs as promising tool for imaging blood circulation of zebrafish,
in another aspect, showed that it is very important to consider the problem of proper choice of
dye cargo, to avoid artifacts during in vivo imaging. Later study found that strong illumination of
NR668 NEs can trigger release of their content in biological media. This light-controlled cargo
release was also tested in zebrafish embryo and it was found that after 5 min illumination
(wavelength of 450-490 nm), fluorescence of NR668 was clearly observed outside of the blood
vessels, which was not the case of non-illuminated zebrafish['®l. These experiments, provide a

proof-of-concept for the light-controlled release of a dye cargo from NEs in vivo.
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Figure 1.21. Zebrafish microangiography using nano-droplets containing 0.1 wt.% of Nile Red
(A,Band C) or 1 wt.% of NR668 (D, E and F); Green channel: endothelial cells expressing eGFP;
Red channel: Fluorescence from Nile Red and NR668. Adapted from ref 1231,

In the further study, we aimed to boost the brightness of nano-droplets in order to track single
particles directly in the blood stream of zebrafish. To this end, we loaded 90-nm NEs with Dil
with bulky counter-ion TPB (Dil-TPB, Figure 1.22A) at 8 wt%, which corresponded to ~10,000
dyes per particle. At normal dilution before injection (1000-fold) these NEs allowed imaging
blood circulation of zebrafish without noticeable dye leakage (Figure 1.22B). At much higher
dilution (10°-fold), these ultra-bright NEs enabled first single-particle tracking in live zebrafish
embryo. (Figures 1.22C,D)!"8l. Other results indicated that the tracking analysis showed strong
variation in the single particle velocity produced by a heartbeat of the embryo, which matched

well with the velocity of blood cells. Single-particle tracking in vivo opens new horizons in
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bioimaging and nanomedicine, because it enables monitoring directly individual NCs, and thus

understand better bottlenecks in the field of drug delivery?4,

Figure 1.22. Zebrafish microangiography and single-particle tracking using 90-nm nano-droplets
containing 8 wt.% of Dil-TPB injected in zebrafishembryos. (A) Scheme of NEs loaded with Dil-
TPB. (B) Dil-TPB NEs channel (red) and merged image with GFP channel (green).(C) Single-
particle tracking of Dil-TPB NEs in zebrafish vessels followed in consecutive frames. (D)
Illustration of calculation of particle velocity by line scanning. Adapted from 178 Copyright 2014

Biomaterials.

1.2.5.2.2- Dye-loaded NEs used for mice imaging

Imaging of NEs in mice is very important, because mice is a key model animal used in cancer
research and therapy!?>21. However, unlike zebrafish embryo, imaging of mice is strongly altered
by auto-fluorescence and light-scattering of tissue and blood[?>32%4 These interferences can be
decreased by using NIR dyes (> 700 nm), where those signals from tissue are minimal(2%-2571, A
key question related to in vivo applications of NEs is whether they are able to keep their cargo
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after injection up to reaching target (e.g. tumor). Indeed, the nanomedicine has been established
mainly on solid organic and inorganic NPs[?%¢25% while NEs, having liquid core, has not been
considered as a carrier with sufficient stability. Since more deformable particles tend to be less
prone to cellular uptake!?122l NEs with a liquid core can present minimal non-specific
internalization into cells (see above) and potentially longer blood circulation period. On the other
hand, liquid core NEs raise questions about stability of NEs in vivo. As mentioned above, the key
tool to understand integrity of a NEs and the leakage of cargo is FRET between two encapsulated
dyes. This approach has already been used to study integrity of different NPs in vivol[206:260.261]
For instance, Hammond et al. reported a micelle polymer chemically modified with two azide-
containing near-infrared (NIR) cyanine dyes named Cy 5.5 and Cy 7 by click chemistry!2%,
Through observing the change of FRET efficiency of these two dyes, authors are able to tell the
integrity of the polymer particle, and thus, study the in vivo fate of the nanoparticle in the blood

circulation system of mice.

One of the first attempts to generate FRET NEs for in vivo imaging was done by Texier et al.,
where red DiD was combined in a FRET acceptor NIR dye DiR[?2 These NEs enabled
monitoring bio-distribution of NEs in vivo, showing their remarkable stealth character. However,
as the FRET signal was relatively weak, it was difficult to quantify the integrity of NEs in vivo.
Later on, we designed FRET NEs by loading donor (Cy5.5LP) and acceptor (Cy7.5LP), both
operating in the NIR region (Figure 1.23A, B). Efficient FRET was achieved by improving dye
loading to 1 wt.% with help of bulky hydrophobic counter-ion TPB (Figure 1.23C). Once injected
at the tail of mice, donor and acceptor emission was detected by the whole animal imaging setup
by exciting the donor dye (Figure 1.23D)171. At the initial injection time, the donor intensity was
much lower than the acceptor channel all over the healthy mice. Over time, donor channel
intensity increased, while the acceptor intensity dropped, reflecting the loss of FRET over time
(the FRET ratio decreased over time with pseudo-color switching from red to cyan), reflecting
disintegration of NEs (Figure 1.23E). Using calibration solutions of NEs under the same imaging
setup up it was possible to establish a calibration of the FRET ratio and thus directly quantify the
integrity of NEs in mice (Figure 1.23D). Remarkably, emission from tail vein revealed that the
integrity of these FRET NEs in the blood circulation of healthy mice was preserved at 93% at 6
h of post-administration (Figure 1.23G). On other hand, integrity of NEs dropped faster in liver,

i.e. t0 66% after 6h (with half-life of 8.2 h). Experiments in tumor bearing mice showed that these
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NEs accumulated efficiently in tumors (Figure 1.23F) being nearly intact (77% integrity at 2 h)
and then decreased their integrity to 40% at 6 h (with half-life of 4.4 h). This study proposed a
robust FRET-based methodology to evaluate quantitatively the NCs integrity in small animals.
The results also showed that NEs are remarkably stable, remaining nearly intact in the blood
circulation and reaching the target tumor in nearly intact form. The latter validate them as

prospective NCs for drug delivery applications.
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Figure 1.23. Concept of FRET NEs that can report on their integrity by change in their emission
color (A) and the NIR dyes with their hydrophobic counter-ion (Cy5.5LP and Cy7.5LP) used for
encapsulation (B). (C) Fluorescence spectra of dye-loaded NEs as a function of weight % of
FRET pair (corresponds to % of each dye). (D) FRET imaging of healthy nude mice 15 min after
injection of NIR-FRET NEs (1% of Cy5.5LP and Cy7.5LP each). (E) FRET imaging of healthy
nude mice at different times after injection with NIR-FRET NEs and control NEs containing only

Cy5.5LP dye (1%). Upper panels present intensity images of the Cy5.5LP channel (700 nm),
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middle panels present images of Cy7.5LP channel (820 nm), while the lower panels present
ratiometric images (acceptor/donor). (F) FRET imaging of tumor-bearing nude mice at different
times after injected with NIR-FRET NEs. (G) Analysis of NEs integrity in different regions of
healthy and tumor-bearing mice as a function of post-administration time. Adapted from ref [17°],

1.2.6-Targeted imaging with dye-loaded NEs

1.2.6.1- Passive tumor targeting

Dye-loaded NEs with size between 20-100 nm, being large enough to avoid fast renal clearance,
but small enough to pass the blood vessels, are attractive agents for the monitoring of the EPR
directed accumulation of NEs (drug-loaded or not) in tumors. For instance, Radicchi et al.,
observed the developing stages of NEs accumulation in tumor areas based on a DiR loaded NEs.
Authors observed some increase fluorescence intensity of DiR in tumor areas from its dye-loaded
NEs in comparing to DiR administrated alone, indicating that NEs favors accumulation of dye
cargo in tumor areas!?®l, Jacquart et al. reported two lipophilic dye loaded NEs (around 50 nm)
showing passive targeting to tumor areas within hours!*82264 However, authors also observed
fluorescence from some organs (especially liver) involved in steroid hormone synthesis and
storage, since lipid based NEs has a higher affinity for areas rich in the steroid hormones. This
could be used as another feature for passive targeting of dye-loaded NEs, since tumor cells in
hormone-dependent tumor areas over-express lipoprotein-receptor. Our studies with FRET NEs
loaded with NIR dyes (Cy5.5LP and Cy7.5LP) also showed an EPR effect, with strong
accumulation in tumor already after 1h post-administration in tumor bearing mice (Figure 1.24).
Remarkably, imaging of dissected organs revealed that fluorescence signal from tumor was the
largest followed by liver and then lungs, while practically no signal was observed in other

organst*®l,
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Figure 1.24. Uptake of DiD-loaded lipidots in PyMT mammary cancer cells. Fluorescence
images were obtained before injection (A), 5 h after injection (B), and 24 h after injection (C).

Schematic presentation of lipid dot is shown. Adapted from ref [264],
1.2.6.2- Active targeted imaging of tumors

As mentioned in the chapter of drug delivery, for targeted imaging, it is necessary to conjugate a
nanoparticle with targeting ligands, which include small molecules (e.g. folate, RGD, etc) and
biomolecules (antibodies or aptamers). However, as the chemical functionalization of NEs is
rather challenging because of liquid nature of these particles, the examples of NEs bearing
targeting ligands are still limited. One approach is to directly insect bio-macromolecules inside
of NEs. One example used bovine serum albumin (BSA) conjugated with folic acid to formulate
NEs by high pressure homogenization[*®l. This folate-tagged protein NEs showed strong affinity
to folate receptor-positive cells.

Another most common used approach for NEs is the functionalization of PEGylated lipids or
surfactants. In a previous study, DSPE-POE5000-maleimide was used to formulate NEs (loaded
with DiD)2*, followed by grafting by maleimide-thiol coupling of the targeting cyclic RGD-
based ligand (cCRGD-SH) as well as control ligands (cCRAD-SH, OH-SH) (Figure 1.25A). Authors
found significant fluorescence intensity difference between targeting group (LNP-cRGD) with
non-targeting groups (LNP-cRAD and LNP-OH) from fluorescence cell imaging results and flow
cytometry analysis (Figure 1.25C). Later on, mice experiment showed that this functional NEs
showed stronger tendency to accumulate in tumors where there is overexpressing of the target
receptor, HEK293((B3) (Fig. 1.25D-F)?1%], These exciting results showed another way that is by
grafting of antibodies (Abs) to NEs to enhance the specificity of NEs to accumulate in tumors.
Finally, only a rare report shows functionalization of NEs with antibodies, which was realized
using PEGylated lipid with a maleimide function (SPE-PEG3400-Maleimide). The obtained NEs
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bearing scFv-Fc TEG4-2C antibodies and loaded with iron oxide NPs enabled direct MRI
imaging of atherosclerosis in mice models™. Recently our group developed NEs with antibody
surface. To do this, our group conjugated PEGylated lipid derivative to a PMAO polymer. Then,
an antibody was conjugated to the PEGylated lipid derivative through amine reaction with
maleimidel??®. NEs formulated by using this PEGylated polymer with antibody surface as
surfactant showed strong affinity to senescent endothelial cells. The development of dye-loaded

NEs bearing antibodies for targeted optical imaging constitutes a promising research direction.
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Figure 1.25. (A) Illustration of structure of LNP-OH, LNP-cRGD, or LNP-cRAD lipid nano-
droplets. (B) In vitro evaluation of LNP-cRGD, LNP-cRAD, LNP-OH targeting specificity to
HEK293(B3) cells. (C) and flow cytometry analysis (D-F) In vivo injection of LNP-cRGD (D),
LNP-cRAD (E), or LNP-OH (F) in HEK293(B3) xenografted Nude mice. Adapted from ref [226],

One should note that the idea of active tumor targeting by modifying the NEs surface does not

always work as expected. The problem can be associated with the Tumor/Skin (T/S) ratio of
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specific tumors!*4l. In cases when T/S ratio is low, EPR effect could surpass the effect of active
targeting in vivo. For instance, Choi and co-workers designed a functional IR780 dye-loaded NEs
with surface modified by Arg-Gly-Asp (RGD) peptide, and showed their capacity to target tumor
cell overexpressing avp3 integrin?*), Later on, the authors wanted to verify the generality of this
targeting NEs for other tumors. Unfortunately, this effect was not universal: although authors
found significant accumulation of this NEs on the membrane of HEK293 cells in vitro, a negative
result of improving accumulation in DU145 tumor in mice was observed comparing with NEs
without this targeting agent. This was attributed to the fact that DU145 expressed insufficient
amount of avp3 integrin (T/S ratio of 1.5), compared to HEK293 cells (T/S ratio of 3.0)*, so
that EPR effect surpassed the specific targeting in the former case. Thus, the targeting effect
strongly depends on the cell line, so that systematical test is necessary on multiple cells lines with

varied receptor expression.

The ultimate application goal of dye loaded NEs would be the imaging drug-loaded NEs for the
treatment of cancer. This requires systematic efforts in these directions, which could further
validate NEs as reliable imaging and drug delivery agents.

This chapter is adapted and reproduced with permission with minor adjust from ref 2¢°! titled
“Dye-Loaded Nanoemulsions: Biomimetic Fluorescent Nanocarriers for Bioimaging and

Nanomedicine”. Copyright Willey.
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1.3- Dynamic covalent chemistry

Dynamic covalent chemistry (DCC) refers to reversible chemical reactions, which equilibrium
could be controlled by both aspects of thermodynamic and kinetics. The thermodynamic influence
to the result of dynamic covalent chemistry is well known, however, more and more focuses have
been placed on the kinetics contributions. While product distribution under thermodynamic control
relies totally on how stable is the final products, in reactions controlled by kinetics, however,
transition speed is the key to determining the relative proportion of products. Since reaction speed
is generally faster with the decreasing of energy differences. Thus, in the case of the latter, lower
energy differences of transition states usually lead to faster reaction. Since dynamic reactions are
reversible autonomous reactions sensitive to stimuli, the formation and breaking of dynamic
covalent bonds toward either direction of the reaction could be controlled either by thermodynamic
or kinetics factors. These bonds are abundantly applied in multiple fields, such as material science
and biomedical fields?%6:267],

1.3.1- Requirements for Dynamic Covalent Bonds (DCB)

The most important criteria for dynamic covalent bonds are the covalent nature and the bond
strengths. For some systems, a lifetime of each bond in the range 1 ms < 1 < I min has been
proposed to yield conjugations that are stable and detectable with analysis techniques existing, yet
dynamic enough to allow swift adaptation[?®®l. This translates into longer equilibrium times in the
scale of hours to days for slow dynamic systems. The upper limit of the equilibration time for a
DCC is also related to the degradation stability of the components in the system, as equilibrium
must retain before the system starts degrading. Due to the reversibility nature of dynamic covalent
reactions, eventually, the reaction will reach an equilibrium where there is a certain ratio of reactant
and product. This ratio is determined by the so-called equilibrium/association constant (K). This
parameter is calculated as (K = ki/k.1), where k1 indicates the formation rate and k-1 signifies the
dissociation rate. The ki value is positively related to the stability of the resulting covalent bond.
It could also be affected by several other conditions, for example heating, increasing of
concentration etc. Taking the formation of the imine as an example, the reactant is aldehyde /amine,

while the product is imine/water. Increasing the stability of the imine product will lead to an
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increase in the ki value, and thus K value. Then, the equilibrium will shift towards the imine
formation. On the other hand, if pH is decreased, the dissociation constant (k-1) will increase, and
thus lower down the K value, eventually leading to the degradation of imine bonds, and the
equilibrium will shift to the reactant side of aldehyde/amine. Thus, one method of controlling the
reaction toward the formation of a certain product is by the modification of the structure of the
product to make it more stable. In cases of the product is instable under heating, pH, and so on,
these stimuli could be used to control the equilibrium of the reaction. Another way to drive the
equilibrium in either direction (towards the products or reactants) is by adding/reducing the

concentration of compounds on either end of the equilibrium.
1.3.2- Catalysis for dynamic covalent bonds

To make the reaction faster, a majority of the dynamic covalent bonds require catalysis to facilitate
equilibration. Ideally, a catalyst should only modulate the system exchange rate and not the
component distribution, but high catalyst loadings can lead to altered equilibrium due to
complexation effects?®l. Although the energetics of dynamic systems is governed by many
response factors, it is preferred to work with lower catalyst concentrations where the catalyst acts

fully “innocent”.
1.3.3- Different dynamic covalent reactions types

Depending on whether new bond types are formed during the reaction, dynamic covalent reactions
is classified into two general types!?’%. The type of dynamic covalent reaction that created a new
bond generally followed the equation: X+Y s A+B or X+Y s A. For Example, reversible addition
and condensation®Y], Thiol-Michael addition reaction®?l, and hydrazone (imine) bond
formation!?”], The advantage of this type of reaction is that in some cases, the direction of this
type of reaction could be controlled by temperature, pH, etc. For instance, DA reaction could occur
under low temperature, high temperature would lead to the reverse reaction process. The type of
dynamic covalent reaction without the formation of a new bond generally followed the equation:
X1+Y1s X2+Y2. This type of reaction usually refers to the dynamic exchange of contents between
different starting compounds to create novel products with the same bond types. Various exchange
reactions are included in this type of reaction. For instance, S-S exchange reactions?’4271 S-S,
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SH exchange reactions!?’], ester exchange reactions ?’"1 and alkene exchange reactions(?78:27°1,
The direction of the reaction is relatively irrelevant to external stimuli, since the bond type of
reactant and product are identical, thus reaction to either end happens under the same condition.
Various specific dynamic covalent in the Table 1 below.

Table 1. Examples of dynamic covalent reactions!?8!

Reaction Conditio | Formula Re
type n f
Schiff base | Acid or o} [270
. R/NH2+ )J\ E—_ R1/N§/R2 +H20
reaction base Ry H 281
I § T 4 H,O ]
catalyst oot == .z +Hy
y R{ 'NH, Ry “H RAVNTR,
9] R H ~—R
_O. + ™ ‘NT 2+4.0
2
R "NH, R2)LH I
Double Low RisN Rap Ri~ Ro- [278
) |+ | = ] * |
bond polarity kR2 kR4 kR4 kR3 219
exchange organic ]
reaction solvents
Transitio Risn Rs Riy  Re [282
m * 1 : l * \l 283
n metal R, R4 R4 R; '
catalyst ]
R R [284
Knoevenage | Weak P Rs_Rq (e
. R R _
| reaction base or R™ Ro 2 4
Lewis 286]
acid
catalyst
DA reaction | Temperat R, [287
Rs3
+ —_ — 288
ure R1_//_\\_R2 Ry Ry EJ;[R
4 1
control R,
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Disulfide Without R1,S—S\R1 + RZ,S-S\R2 = R(S_S‘Rz [289
exchange catalyst 290
reaction ]
Thiol- Base R—SH + Ro= R1/S\S/\/R2 [272
Michael catalyst, ]
addition neutral

reaction pH

Thiol- Neutral j\ cH.0OH + HS-R j\ . CH,OOH [291

_ ~CHz = ~R2T ¢
thioester pH, water | R S RS SH 202
exchange 1
reaction
Transesterifi | Lewis o . © [293

. . M Ry * ReOH == M R, * Re~OH
cation acid R O R0 294
reaction catalyst % o o o ]
E +
R1)l\O’R2 +R3)l\O’R4 R1)l\O’R3 Ry SO 2

Boronic Room R HO OH o_R« HO OH [295

R1_B\/\/[ i > ( - R —B'\ I + —
ester temperat BR, Rs Rs " Re R, Ry 296
exchange ure ]
reaction
Siloxane Acid or| Ry R Rz 0. R Ry, R Ry. R, |[¥

RF{—/er‘Si—li‘s+ Re-SiO"Si ?F—‘RF{—/Si'O‘Si—F\;% + Rﬁl/sro‘srli‘5

equilibratio | base 3 Re Ro R 3 Ri2 $ Re | 298
n catalyst ]

. . . . 299
Diselenide | Visible R1\SeseR1 + Rz\SeseRz _ R1\SeSeR2 [
metathesis | light -
reaction 301]
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1.3.3.1- Carbon-Nitrogen C=N dynamic covalent bond

Carbon-Nitrogen C=N bond usually refers to Schiff basel**. It is a type of reaction that involves
nucleophilic attack of amine or hydrazide groups to carbonyl groups of ketone or aldehyde creating

C=N bonds of imine, hydrazone, oxime, etc.

One of the most commonly used C=N dynamic covalent bonds is imine bonds, imine bonds are
DCBs formed by the conjugation of ammonia or primary amines with aldehydes!?!. The
mechanism of this type of reaction follows the route of first formulation of a hemiaminal
intermediate with nucleophilic addition by amine, then followed by an elimination of water to

yield the imine bond.

Secondly, hydrazone bonds are resulted from the condensation reaction of hydrazide groups with
ketone groups. The reaction follows a similar route to the formation of the imine bonds (switching
aldehyde to ketone, and amine to hydrazide). Hydrazone bonds are generally more stable than

imine bonds[3%I,

Less commonly, the oxime bonds are resulted from condensation reaction of O- hydroxylamine
groups (hydroxylamines) to aldehyde groups (ketone groups)?8-:3%41, The reaction follows a similar
route as imine and hydrazone formation. However, in comparing to the former, it is more

stable[?81:305],
1.3.3.2- Carbon-Carbon Dynamic covalent bond

Normally, C-C bonds are considered powerful bonds that cannot easily break. However, by adding
bulky groups and/or charged groups the bond could become fragile due to the decrease of
dissociation energy®®l. Here are a few reactions for the formation of dynamic C-C bonds:
phenol/aldehyde condensation®®’1 aldol reaction®%l carbene coupling®®®l, Friedel-Crafts
reaction®2%  Strecker reaction®'!l etc. Among them, the aldol reaction is the most frequently
mentioned dynamic covalent reaction that creates a new carbonyl compound after the exchange
reaction of two carbonyl compounds. However, for now, most reactions of this type in the
application of dynamic covalent reaction were mediated by an enzyme with few exceptions, for
example, Concelldn et al. developed an effective catalyst named (TBD/AI,O3) for the aldol

reaction between aldehydes and ketones!3%l,
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1.3.3.3- Carbon=Carbon Dynamic double bond

This bond is known for dynamic covalent reversible exchange reactions. It usually referred to
Diels-Alder (DA) reaction and Knoevenagel condensation reaction. DA reaction refers to
conjugation of dienes and dienophiles (alkenes or alkynes)?%l, As mentioned before, in the
absence of a catalyst, temperature could be used as a switch to control the direction of the
reaction?”. The DA reaction usually prefers low temperature, while high temperature would
reverse the DA reaction processi?®®l. Knoevenagel condensation defines nucleophilic addition
reactions of an active hydrogen-containing compound to an aldehyde. The reaction could be either
catalyzed by weak Lewis bases®? or Lewis acid!?%,

1.3.3.4- Dynamic Carbon-Oxygen covalent bond

This type of bond usually refers to the product of the transesterification reaction!?%l, The
transesterification reaction refers to exchanging of chemical group on an ester with another one on
an alcohol. This reaction usually goes in the presence of a base or acid catalyst!®'3l. Under the
catalysis of the base, the reaction follows the following mechanism: the hydroxyl group of the
alcohol is firstly deprotonated by a base catalyst, follows by the formation of a tetrahedral
transition product by nucleophilic attack of the deprotonated hydroxyl group to the carbonyl
carbon of the starting ester, which forms a novel ester.

1.3.3.5- S-containing dynamic covalent bond

1.3.3.5.1- Thiol-disulfide exchange reaction

Thiol-X is one of the most commonly adopted DCBs in the aspect of biological applications due
to its good biocompatibility and facility!?682%, The reaction follows several steps. Firstly, the thiol
is negatively charged to form a —S". Then, the —S~ substitutes the original S-S bond through the
nucleophilic attack. Then, a novel —S" is released from another sulfur atom. And finally, the side

product was protonated to form a thiol 3141,

1.3.3.5.2- Thiol-Michael addition reaction
The reaction starts with a Lewis base that de-protonates a thiol. The formed thiolate anion initiates
nucleophilic attack to an alkene (with an electron-withdrawing group) and form an intermediate
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carbanion. Then, this carbanion could attract hydrogen from another thiol to generate a new
thiolate anion. Allen et al. first reported the thiol-Michael addition reaction in the 1960s, and then,
this reaction is regarded as a mild reaction with high reactivity and few side products. These
advantages made this reaction popular in the field of dynamic covalent chemistry35-317],

1.3.3.5.3- Thiol-thioester exchange reaction

Thio-thioester exchange reaction is usually catalyzed by base, which acts as a de-protonation agent
for the thiol group, followed by a nucleophilic attack to the carbonyl electrophilic center, and
finally the protonation of the -S". This type of reaction has multiple advantages, for instance general
reaction conditions, high reaction speed, and few side products. For example, this reaction is
reported for efficient exchange of thiol with multiple functional groups in several organic

solventsf®8l,
1.3.3.6- Selenium containing dynamic covalent bond

This kind of DCBs is only rarely used because of the difficulty of the direct exchange between two
Se-Se bonds, the exchange is usually only possible in the presence of UV light or specific catalyst.
Nevertheless, there are still reports about the application of this type of reaction. For example, by

using low energy visible light, Ji et al. triggered a diselenide exchange reaction!?,

1.3.4- Applications of dynamic covalent bonds

1.3.4.1- Stimuli sensitive polymeric materials

Most DCB reactions are reversible and responsive to stimuli. This make them interesting methods
for developing self-healing and bio-friendly polymer based materials. Such polymer materials
were suitable for material sensitive to stimuli, hydrogels for tissue healing, drug delivery, sensors,

three-dimensional printing, dyes, coatings, etc.

Stimuli-sensitive materials are able to undergo chemical or/and physical changes induced by
environmental stimuli. Those stimuli could be heat, chemicals, light, and so on. This unique feature

has allowed stimuli-sensitive materials applied in multiple fields.
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1.3.4.1.1- Thermal responsive materials

Some products of DA reactions[?®"l are sensitive to heat i.e. making them reversible under heating
conditions. Fang et al., developed a new kind of thermal-driven self-healing and recyclable
waterborne polyurethane film (WPU-DA-x). It was developed based on DA/retro reactions by
introducing the DA diol into the polymer’s backbone (Figure 1.26). WPU-DA-x films showed
temperature responsive self-healing capability*°],
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Figure 1.26. Self-healing principle of WPU-DA-x films with DA diol backbone. Adapted from
refl319l,

1.3.4.1.2- Chemically responsive materials

Some dynamic covalent bonds are reversible in the presence of adding a competitive agent or acid.
In this way, the polymer structure can be further tuned through DCBs. For instance, Skene et al.
developed numerous polymers with a framework based on hydrazone bonds. The polymers could

easily exchange components with other dynamic covalent polymers under low pHE20,

1.3.4.1.3- Photosensitive materials
Photosensitive materials exhibit a rapid change of chemical or physical properties in response to
external light excitation. Usually, DCBs sensitive to light excitation are used for the formation of

light-sensitive polymer materials. As an example, recently, Xu et al. developed a polymer
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assembly consisting of hydrophilic and lipophilic parts conjugated by Se-S bonds (Figure 1.27).
Due to the sensitivity of the bond to 420 nm excitation, authors could control the break of the
vesicle by controlling the intensity of light irradiation at this wavelength®?!, Sometimes, the DCBs
could be so sensitive to the wavelength that only reacts to light at a certain wavelength, for instance,
350 nm excitation is beneficial for the dimerization of anthracene, while light below wavelength
of 300 nm have the opposite effect and would induce it dissociate to monomeric state. Thus, the
response of photosensitive materials could be controlled by both the wavelength and intensity of
light.

4

o

_ Sy e o

Figure 1.27. Scheme of Wavelength-Controlled Light Response of the Selenide—Sulfide Bond.
Adapted from ref(324],

1.3.4.2- Sensors

Several years ago, DCBs were used to change the mechanical properties of polymer-based
materials: DCBs based polymer material process a certain degree of mechanical strength under
heating, different from the traditional heat melting polymer materialst®??l. This property could be
used for DCBs based polymer materials to sense temperature. Also, some DCBs are responsive to
other external stimuli such as pH, light et al. This made them a considerable candidate for sensors

for various purposest®23-3251,
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1.3.4.3- Biosensors

A biosensor refers to a type of sensor that could interpret the presence of certain compounds or
environment conditions, such as pH of the solution, through output optical signals. Usually, some
chemically sensitive DCBs based polymer materials are used for this purpose. The principle
usually goes with the following steps: chemically sensitive DCBs break/reform after sensing the
compound or change of pH, then the mechanical properties of the polymer material will change.
Finally, this mechanical change is magnified and converted to an optical signal. As an example,
Zhou and coworkers designed a pH and lysine biosensort®?l, The hydrogel membrane is composed
of multiple layers of the partially oxidized dextran-containing amino group in situ reacted with the
chitosan containing aldehyde group. Based on the fact that the swelling degree of the gel is
influenced by the integrity of the DCBs constructing the layer-by-layer film, low pH or the
presence of compounds containing acid group would break the DCBs and cause swelling of the
film, and thus observed by changes of Fabry-Perot fringes. Similarly, Wang and coworkers
developed a glucose detection polymer with layer-by-layer assembly of partially oxidized dextran,
chitosan and glucose oxidase. The detecting mechanism follows the converting of glucose to
gluconic acid by glucose oxidase, decreasing the pH, thus lead to the degradation of these bonds
and the polymer material to swell. Afterward, their reflection spectra would present changes of
Fabry-Perot fringes, make it possible to convert chemical signal of glucose concentration to optical

signals.
1.3.4.4- 3D printing in biology

3D printing technology is not a novel term, it is now widely used in the production of prototypes
for product models. It usually uses 3D printing resins that are light-sensitive and solidify under
exposure to light with a certain wavelength. However, in the field of biology, for better
biocompatibility, usually DCBs based hydrogels were used as printing material for cell
immobilization and modeling®>l. For example, complex biological 3 D scaffolds were developed
by Wang et al. in this study, hyaluronic acid was adopted as the framework, then a hydrogel
internetwork was formed through DCBs resulted from hydrazide groups reaction with ketone
groupst®?8l. This hydrogel acted as an elastic shelter for stem cells against the mechanical influence
of needle injection and could reversibly dissociate after the process when not no longer required.

62



Bibliographical overview

1.3.4.5- Fluorescent probes

Fluorescent probes based on DCBs could show fluorescence turning on or off behaviors caused by
the breaking or reforming of the DCBs[?3, For example, an imine based hydrogel was
developed by Luo et al. 231, Authors attached an aggregation-induced emission dye to the polymer,
and observed fluorescence when the fluorophore-conjugated to the polymer structure, whilst, the
conjugate exhibited a fluorescence turning off behavior after the breaking of the bonds under acid
conditions. These fluorescent probes are also used for the detection of diseased areas in clinical
situationst®313%2 DCBs are used in this aspect to for detecting certain stimuli or substances in
biological specimenst®3l, As an example, Ao et al. developed a fluorescent nano-switch for
detecting the media pH based on boronic ester. The fluorescence probe only fluorescents when
nitrophenol detaches from it. This bond is stable under basic pH while breaks in acidic media.
Resulting in a pH-sensitive probe, where the fluorescence turns off under high pH and on under
low pH (Figure 1.28)334],
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Figure 1.28. A schematic diagram of a fluorescent nano-switch controlled by the dynamic covalent

B-O bonds between phenylboronic acid-functionalized carbon quantum dots and p-nitrophenol
[334]

1.3.5- Drug delivery

Dynamic covalent reactions should be compatible with the conditions for intended application.
Water and air, as common elements in medical practices, it is of primary importance for the
reaction to be moisture and oxygen resistant. For biological applications, a dynamic covalent bond

should exchange readily in water or water/organic solvent mixtures. As for drug delivery
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applications, in order to avoid interference to organisms, it is important for DCBs to be free from
any sort of catalyst. Furthermore, considering the complexity of biological environments, DCBs
also need to be stable enough in the conditions they are used. Thus, only some DCBs were
commonly used as a bridge to conjugate drug and polymer for drug delivery, as illustrated in Figure
1.29.

The tumor microenvironment would provide unique conditions of slightly lower pH, higher
amount of reactive oxygen species (ROS), higher concentration of certain enzymes as well as
higher expression of glutathione (GSH), one could use DCBs response according to these stimuli
to achieve the purpose of controlled and targeted drug delivery®3331 As a result, the application
of DCBs has created a novel way of designing efficient drug carriers which is suitable for specific

therapeutic situations(280-337:33¢1,
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Figure 1.29. Structures of the typical dynamic covalent bonds used in drug delivery applications.
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1.3.5.1- Small molecular drugs

Most commonly used drugs are consisted of small molecules. Small molecule drugs, benefiting
from their small size and low stereo-hindrance are generally easy to be delivered to target cells on
the second or third level of targeting®®*l. To achieve the purpose of controlled drug release, small
molecular drugs are usually embedded either covalently or non-covalently inside a polymer matrix
linked by DCBs, thus could be responsive to an external stimulus such as heat, pH, light excitation,
etc.[?°H. The most studied stimuli are pH due to the difference in pH between tumorous areas and
bloodstreams as well as the feasibility of several commonly used DCBs such as hydrazone and
imine bondsB*%**1 As an example, Tao et al. used imine as the link to conjugate lipophilic Au-
containing polymer with hydrophilic PEG chain for the encapsulation of doxorubicin (DOX), the
resulting polymer NPs remained stable in normal tissues and bloodstreams where the pH is neutral,
while liable to low pH, broke and released DOX into tumorous tissues selectively™. It is also
possible to make direct DCBs between drugs with polymer-drug carriers, for instance, Xiong et al.
developed a way to attach DOX prodrug to cyclodextrin with aldehyde group through imine bonds.
The formed DOX prodrug NCs processed the ability to release DOX under acidic conditions!#2,
In similar ways, pH-activatable DOX loaded hydrogels had been developed based on DCBs
bridging ketone groups of DOX and the hydrazide groups of PEG-based copolymer®43l,
Sometimes, micelles are also used as carriers for pH-controlled delivery of DOX by DCBs. The
technique is consisted by adopting hydrazone bonds to conjugate DOX to a co-polymer, followed
by self-assembly to form drug-loaded nanoscale micelles®*. Sometimes, two types of dynamic
covalent bonds could be applied to one drug carrier system featuring duo stimuli responsive drug
release profile. For instance, hydrazone bonds and disulfide bonds were adopted together for the
formation of DOX containing micelle, which is capable of releasing DOX under low pH and
reduction conditionsl®*l. Sugar derivatives were sometimes used in combination with the
application of DCBs for enhancing the bioavailability of NCs, for example, a polymer gold NPs
was designed by the conjugation of DOX with a D-mannose derivative through hydrazone bonds.
The obtained particle showed potential for combined application of fluorescence tracking and pH
dependent release®*¢l. Similarly, based on another sugar derivative named dextran polysaccharide,
a pH-sensitive supramolecular micelle was developed through hydrazone bonds®*"). DOX was

released after internalizing acidic tumor microenvironment (Figure 1.30).

65



Bibliographical overview

1
Dextran : Mn of Dextran: 1000, X=3
<+— Hydrophilic ]
Multiple reactive sites| SN

Self-assembly
DOM;00,@DOX prodrug

l

1

1

1

'

! ) )

1 ) y [ 4
__________________ 5?2

' : i LY SRAA SR,

: H

1

1

: water

H Mn of Dextran: 5000, X=15

:Hvdrazone bond

: drug release

|
1 Doxorubicin
: Hydrophobic /
1 Chemotherapy

AITp A ﬁnor acidit
DOM@DOX prodrug DOX molecules +——2@) @ Y

‘;g,.).-'\;)l)l.)‘).’{n;

DOM@DOX micelles

DOM50,@DOX prodrug

se~.~ . Dextran
«. . :POEGMA

accumulation

Figure 1.30. Schematic illustration of the synthetic route to DOM@DOX micelles, drug
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mechanism. Reproduced from ref. 471,

DCBs were also applied in implantable hydrogels for the purpose of enhancing drug delivery
efficiency and prolonged drug delivery. As an example, a hydrogel for injection is developed by
Liu et al. DCC and Michael addition reaction were adopted to form a PECT polymer embedded
with two DOX and a penetrating peptide. Due to the heat sensitivity of PECT polymer, the
hydrogel was liquid under low temperature and converted to gel form under high temperature, thus
favoring injection application. Besides, DOX is conjugated by hydrazone bonds, thus favoring
acid cleavage property. Eventually, the gel could easily penetrate to tumor sites by a targeted
peptide group and release DOX under the low pH of the tumor microenvironment[341,

1.3.5.2- Biomacromolecules

Due to the complex stereo structure of proteins, they are prone to degradation and endocytosis
during the delivery process. Thus it remains a huge challenge to develop NCs for the delivery of
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these biomacromolecules®*°l, DCBs made the delivery of biomacromolecules possible in mild
conditions while favoring advantages of stimuli sensitivity, reversibility, and compatibility with in
vivo environments. DCBs are also possible to increase the bioavailability of biomacromolecules
by processing them with active interaction with bio-membranes, thus improving the delivery
efficiency of biomacromolecules. One of the mostly frequently adopted dynamic covalent bonds
is S-S, it is commonly used in the formation of cell-penetrating polymers for enhanced drug
delivery efficiency®%°. As an example, Gasparini et al. designed a polymer for delivery of
streptavidin to the nucleus by conjugation of poly(disulfide)s (CPDs) for cell-penetrating and red-
fluorescent biotin-rhodamine conjugate for streptavidin conjugation and tracking by adopting ring-
opening S-S exchange polymerization. Authors found that the substrate could target the polymer
specifically to the nucleus without interaction with endosomes!®. The principle of efficient
delivery of proteins by disulfide polymers was reviewed by Laurent et al 521, Authors proposed
that the improved delivery efficiency is caused by dynamic covalent disulfide exchange reaction
with thiols namely glutathione on the cell surface (Figure 1.31). After the discovery of the
technique of using disulfide exchange reaction for delivery of large proteins to nucleus membrane,
a recent study by Lu et al. developed a simple and universal way for the synthesis of reactive
cysteine group bearing proteins conjugates with polymers containing disulfide bonds3. Through
the disulfide exchange reaction, polymer NCs are able to be covalently conjugated to the nucleus
membrane and release encapsulated compounds. One more advantage to mention is that, in all the
techniques of using disulfide delivery of proteins, the delivered content remained intact, thus

keeping the integrity of the delivered biomacromolecules 523541,

O

S n
Figure 1.31. Thiol-mediated uptake operates with the dynamic covalent chemistry (DCC) of

chalcogenide exchange adapted from ref(*52,
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The oligonucleotides are another type of biomacromolecules that faced two major challenges in
its delivery to nucleus®®l. The first challenge with delivery of oligonucleotides is related to their
strong negative charge, which prevents them to cross membrane barriers and further targeted to
nucleus. Another challenge in its delivery is associated with their chemical fragility, which makes
them extremely unstable in biological environment and requires special design of NCs to protect
oligonucleotides against bio-degradation. The application of a double type of stimuli-responsive
DCB:s is regarded as a tool to solve these two challenges in one shot. Some types DCBs allow the
conjugation of NCs with oligonucleotide through acid cleavable bonds, thus ensuring their stability
in transit. While some other types of DCBs (for instance, the pre-mentioned disulfide bond) have
specific interaction with the nucleus membrane. One example of such application was done by
adding amino acid with a polymer containing simultaneously pH-sensitive C=N and redox-
sensitive S-S bonds!®*®l, By adapting the dual type of DCBs, the NCs could be targeted to the
nucleus membrane through disulfide exchange reaction, and effectively release silencing RNA
(siRNA) after the NCs reach the targeting area with the breaking of C=N bonds under intercellular
conditions of low pH.

68



Results and Discussions

2- PART 2. Results and Discussions

69



Results and Discussions

2.1- Drug-Sponge Lipid Nanocarriers for in Situ Cargo
Loading and Release Using Dynamic Covalent
Chemistry (Article 1)

Nanoparticles (NPs) with the size of around 100 nm have been explored as nanocarriers (NCs) for
targeted delivery and controlled release of drug molecules in past decades®”l. Common
approaches to loading drugs in NCs involve direct/physical encapsulationt® and chemical
encapsulation by using covalent bonds between drugs and NCs or simply the formation of prodrug
before encapsulation %, In contrast with prodrug, the advantage of direct encapsulation is that
the cargo is not chemically modified after the release. Many of these systems still present ‘burst
release’ issues that may hamper their further application. The chemical encapsulation approach is
based on the covalent linkage of the drug inside the NCs in form of a prodrug conjugate 3593601,
This method ensures the high stability of the NCs without burst release of the cargo. However, the
drugs are modified chemically through a synthetic protocol, thus raising the question of solvent
residues, toxicity, and bio-distribution of the corresponding prodrug.
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Figure 2.1. Concept of reversible in situ reaction and pH-controlled release of drug sponge system

In the present study, we demonstrated a novel approach of drug encapsulation inside NCs.
Dynamic covalent chemistry was exploited for the reversible in situ cargo loading (Figure 2.1).
The system features the advantages of low leakage under neutral pH because of covalent bonds
inside the NCs matrix, whilst releasing the drug in the intact form under low pH. These properties
would ensure high stability of the NCs in the blood stream (at neutral pH) and high sensitivity to
low pH presented in the tumor microenvironment for controlled release. Nanoemulsions (NEs)
were chosen to be the NCs in the present study because they are formulated from components
(lipids, oils and surfactants), which are generally regarded as safe (GRAS) and biocompatible. For
the functionality, a lipophilic reactive capture molecule bearing two long alkyl chains and a
hydrazide group (LipoHD) was encapsulated inside. To test the in situ reaction process, two
ketone-containing compounds were used, one is a Nile Red dye derivative named NRK and
another is doxorubicin, an anti-tumor drug. In this work we used the Forster Resonance Energy
Transfer (FRET) technique for real-time investigation of the in situ reaction process, due to the
extreme sensitivity of FRET to donor-acceptor distance [*71. Consequently, encapsulating blue dye
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F888 (as the donor for NRK) or far-red dye Cy5-TPB (as the acceptor for doxorubicin) allowed us
to monitor an increase in the FRET signal with the progression of the in situ reaction of lipoHD
with corresponding ketone. Moreover, by using this technique, the pH-dependent release of NRK
and doxorubicin could also be observed with the decrease in FRET signals. Then, fluorescent
microscopy was used as a technique to see the pH-controlled release and in situ update of ketones
in situ in Hela cells and in chicken skin tissues (Figure 2.2). Finally, NEs loaded with doxorubicin
were tested to suppress tumor growth in mice. The controlled release of a cargo at low pH makes
them promising for drug delivery into tumor tissues, while its efficient uptake from cells/tissues
opens interesting prospective for detoxification using NEs.

pH-controlled release In situ drug extraction
pH 5 Free Dox pH 7.4 PBS Empty NCs LipoHD NCs

pH 7.4

1 min
1 min

30 min
60 min

Figure 2.2. Fluorescence microscopy images of in-vitro experiments of pH-controlled release of
doxorubicin to Hela cells and in situ uptake of NRK from Hela cells using drug-sponge NEs.
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Drug-Sponge Lipid Nanocarrier for in Situ Cargo Loading and Release
Using Dynamic Covalent Chemistry

Fei Liu®, Yosuke Niko", Redouane Bouchaala, Luc Mercier, Olivier Lefebvre, Bohdan Andreiuk,
Thierry Vandamme, Jacky G. Goetz, Nicolas Anton, and Andrey Klymchenko*

Abstract: Currently, drug-delivery strategies using nanocarri-
ers (NCs) deal with encapsulation of cargo or its covalently
modified prodrug. Herein, we propose a concept of reversible
pH-controlled capture and delivery of active cargo based on
dynamic covalent chemistry inside lipid nano-droplets (nano-
emulsions), coined as “drug sponge”. We designed a highly
lipophilic hydrazide (LipoHD) capable of reacting with a free
cargo-ketone (fluorescent dye and doxorubicin drug) directly
inside lipid NCs, yielding a lipophilic hydrazone prodrug
efficiently captured in the oil core. LipoHD-loaded NCs
spontaneously accumulated cargo-ketones, yielding formula-
tions stable against cargo leakage at pH 7.4, and further
released their dye/drug cargo at low pH range (5.0-6.8) in
solution and live cells. Doxorubicin-loaded drug-sponge NCs
showed cytotoxicity in four cancer cell lines and capacity to
inhibit tumor growth in subcutaneous xenografts of mice.
Finally, unprecedented extraction of dye/drug cargos directly
from cells and tissues (i.e. detoxification) was realized by the
drug-sponge NCs.

Introduction

In the last decades, nanoparticles (NPs) have been
explored as nanocarriers (NCs) for the targeted delivery
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and controlled release of drug molecules.!! Current drug
delivery systems based on NCs exploit two common para-
digms, based on encapsulation (supramolecular) and covalent
chemistry.?! In the first approach, the drug is non-covalently
encapsulated inside the nanocarrier.”! The advantage of this
method is that the cargo is not chemically modified before
and after the release, however, noncovalent encapsulation is
prone to burst release and poorly controlled leakage of the
cargo."”! The second approach is based on covalent linkage of
the drug inside the nanocarrier in form of a prodrug
conjugate.** This method ensures high stability of the
nanocarrier, while the use of cleavable bonds, such as acetals,
orthoesters, hydrazones, disulfide, etc., enables stimuli-re-
sponsive cargo release under control of pH, reduction,
enzymes, etc.) However, in this case, the drugs are modified
chemically through a synthetic protocol, thus raising the
question of solvent residues, toxicity and bio-distribution of
corresponding prodrug. An ideal solution is to use NCs as
a nano-reactor to form prodrug in situ, which after reaching
the target cells can be cleaved, thus releasing the drugs
under control of environment. In this case, the cargo enters
and exits from the nanocarrier in its intact form, which would
simplify the preparation and maximize the safety of the drug
delivery.

New possibilities appear with dynamic covalent chemistry
(DCvC), which deals with dynamic bonds that form and
disrupt reversibly under environmental control.”) DCvC,
which is at the interface of covalent and supramolecular
chemistry,™) gave rise to new generation of materials with self-
healing and adaptive properties.”’ Reversible and environ-
ment-sensitive nature of the dynamic covalent bonds is
particularly attractive for the field of drug delivery."” The
most popular dynamic covalent bonds include hydrazone,!"!
oxime, ™ imine,["¥ disulfide,"¥ boronate ester!™! etc. On one
hand, transient formation of these bonds enables crossing of
cell membrane barriers for delivery of cargos inside the
cells." On the other hand, these bonds can be used to build
nanocarriers!"*"**'7) and/or conjugate the nanocarrier with
drugs!" in order to ensure efficient transport and controlled
release of the cargo.!"” Hydrazone bonds, sensitive to pH, are
particularly attractive in this respect,'?) because targeted
tumor tissues are characterized by low pH.!'"?!] Moreover,
after endocytosis of nanomedicines? the lysosomal compart-
ments can further contribute to pH-controlled cleavage of the
hydrazones. However, these reports were focused on the
covalent approach, where the drug conjugates with the
nanocarrier were synthesized before the formulation of the
nanocarriers, whereas in situ loading of cargo into nanocarrier
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through dynamic covalent bonds has not been reported to
date.

DCvC has been largely used for designing responsive
nanocarriers based on polymers.""'"*! However, the poly-
mer core is solid, and thus cannot serve as a nano-reactor for
in situ conjugation of a cargo with a nanocarrier. Lipid-based
NCs constitute a promising alternative to polymeric NPs in
drug delivery applications. Traditionally, this field is domi-
nated by liposomes, presenting lipid membrane and aqueous
core, which has already been approved in clinics as pharma-
ceutical carriers.” However, lipid membrane of liposomes is
a good barrier for hydrophilic cargoes only, while encapsu-
lation of hydrophobic cargoes (such as doxorubicin) requires
their precipitation inside the liposome (as for Doxyl). Lipid
nanoemulsions (NEs) present an oily core, which can serve as
nano-reactor for encapsulation of drugs through DCvC. NEs
are highly promising biomimetic nanocarriers for drug
delivery because they are (1) inexpensive and easy to
produce; (2) composed of excipients generally recognized as
safe (GRAS) and (3) biodegradable.*” Despite their liquid
core, they exhibit rather long circulation time, preserve
integrity of their core in the blood circulation and can
accumulate in the tumor in nearly intact form.* They were
also shown to maintain their integrity after crossing a human
intestinal epithelium barrier.”® However, a drug having
medium lipophilicity has a tendency to leak out rapidly from
lipid NCs into biological media, as shown for a model dye Nile
Red in serum,””) whereas its modification with lipophilic
chains can drastically inhibit the leakage.?”! Moreover, recent
studies showed that lipophilic prodrugs of doxorubicin
bearing an alkyl chain improved anti-tumor potency of the
drug-loaded nanoemulsions.”®! Therefore, we hypothesized
that lipid NCs (NEs) can be used as a nano-reactor to form
lipophilic prodrugs in situ through DCvC. In this case,
a specially designed lipophilic “capture” molecule could form
dynamic covalent bond with a drug, that is, forming prodrugs
inside the nano-droplets, which would render the system
stable against cargo leakage, and allow the stimuli-responsive
drug release. Moreover, this “drug-sponge” system could
capture in situ drug molecules from biological media and cells,
which is an unexplored field in nanomedicine. Currently,
active drug removal (or detoxification from drugs) is known
in pharmacology and clinical practice, where excess of drug

pH-controlled
release

Dynamic covalent
a :
chemistry

In situ drug
extraction

Research Articles

CHy N
b o Y
Of\fﬂ 0 CreHa o
s N
Ny O Cighar N O
LI i L0
/Jd e} o] HN O /)q o 0

OH
CI L Yo
0 O OH E}ﬂ,\)'\uuz

Oi OH

(e.g. an overdose) is removed by hemodialysis, plasma
exchange and peritoneal dialysis.”” In order to ensure in situ
drug capture in form of a prodrug, DCvC with a hydrazone
bond can be considered. The latter has been frequently used
in prodrugs design because it can be cleaved at weakly acidic
pH (~6) and readily applied to a drug bearing ketone/
aldehyde groups like doxorubicin.!'742%3

In the present study, we developed a concept of “drug-
sponge”, wherein a lipid NCs, encapsulating a lipophilic
reactive capture molecule (LipoHD, Scheme 1), can sponta-
neously accumulate cargo by forming dynamic covalent bonds
inside the oil core. The drug-sponge concept was validated in
solution and live cells and further applied for drug release in
tumor bearing mice and drug removal from tissues.

Results and Discussion

To ensure efficient capture of cargo inside oil core of lipid
NCs, we designed a highly lipophilic molecule (calculated
LogP, cLogP=16.4) bearing hydrazide group (LipoHD,
Scheme 1). It is expected to form dynamic covalent (hydra-
zone) bond with a cargo bearing aldehyde or ketone group.
LipoHD was obtained in three steps starting from dioctade-
cylamine (Scheme S1). Two cargo-ketones were selected:
Nile Red-ketone (NRK) as a model fluorescent cargo and
doxorubicin (Dox) as an anti-cancer drug. NRK was synthe-
sized by reacting Nile Red phenol with chloroacetone
(Scheme S2). NRK and Dox, having medium lipophilicity
(cLogP is 4.04 and 0.32, respectively), are expected to react
with LipoHD inside oil core of NCs to form highly lipophilic
“prodrugs” Lipo-NRK and Lipo-Dox (cLog P is 22.8 and 18.8,
respectively). This would ensure their retention inside NCs at
neutral pH and cargo release at low pH after hydrazone bond
hydrolysis. In addition, we also synthesized Lipo-NRK
(Scheme S2) and Lipo-DOX (Scheme S3) conjugates in
organic solvent and identified by NMR, Mass and FI-IR
spectrometry.

We formulated NCs of around 80 nm size using nano-
emulsification.” A solution of pre-synthesized Lipo-NRK
(10 mm) or control dye NRK (10 mm) in Labrafac oil was
mixed with Kolliphor ELP® surfactant and then formulated in
milliQ water, yielding desired NCs. To study the NRK cargo
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Scheme 1. Concept of drug-sponge nanocarrier (a) and chemical structures of cargoes (NRK and Dox), lipidic capture molecule (LipoHD), and
corresponding prodrug conjugates (b). Calculated LogP (cLogP) are presented.
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Figure 1. a) Schematic presentation of changes in FRET occurring
during the cargo release. b,c) Fluorescence spectra of Lipo-NRK NCs
for different incubation time at pH 7.4 (b) and pH 5 (c) after dilution
(1000-fold) in the presence of 20-fold excess of blank NCs. d) Fluores-
cence intensity ratio of acceptor (lgy) to donor (I45) over time at
different pH values. Excitation wavelength was 405 nm.

release, we co-encapsulated lipophilic blue dye F888" that
serves as energy donor for NRK in the Forster Resonance
Energy Transfer (FRET)®?"" assay (Figure 1a). NRK and
Lipo-NRK NCs showed similar absorbance values at the
maximum =~ 530 nm (Figure Sla), indicating that encapsula-
tion was successful in both cases. The FRET

NCs excited at 405 nm (donor) showed both
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pronounced at lower pH (Figure 1c and S2). The plotted
acceptor/donor ratio vs. time (Figure 1d) showed a clear time-
dependent release of NRK in pH range 5.0-6.8 and practically
no release at neutral pH.

Our next question was whether prodrug model Lipo-NRK
can be generated in situ inside NCs without synthesis of the
“prodrug” in a flask (Figure 2a). To this end, NCs containing
LipoHD were first formulated and then incubated for 6 h (rt)
with NRK in pH 4. The reaction mixture then was then
extracted by dichloromethane and studied by TLC. Lipo-
NRK could be clearly identified as a new spot with higher R,
which corresponded to pre-synthesized conjugate Lipo-NRK
(Figure 2b). Mass spectrometry of the dichloromethane
extract confirmed the presence of Lipo-NRK (Figure S3),
confirming that the hydrazone conjugate can form in situ. To
monitor formation of the conjugate in situ inside NCs, we
prepared NCs encapsulating F888 as a FRET donor for NRK.
NCs containing LipoHD showed increase in the FRET signal
(Figure2c) as a growth of NRK emission intensity (at
600 nm) and a decrease in F888 intensity (at 450 nm), whereas
no change was observed for NCs without LipoHD (Fig-
ure 2d). These results suggested that Lipo-NRK conjugate
was formed in the NCs containing LipoHD. Monitoring
acceptor/donor ratio vs. time revealed relatively fast hydra-
zone formation within first 30 min (Figure 2e).

Next, we evaluated possibility to form in situ prodrug of
doxorubicin (Lipo-Dox) inside NCs using LipoHD. Dox is
poorly soluble in oil (~0.001 wt% in Labrafac), making

donor and acceptor emission bands (Fig- 5 b |
ure S1b), confirming FRET inside NCs between
F888 donor and acceptor (NRK or Lipo-NRK). HaC,

Then, we mixed our FRET NCs with blank Jo
NCs, which are expected to work as a recipient i
medium for the hydrophobic cargo. The pres-
ence of blank NCs led to nearly complete loss of
FRET for NRK/F888 NCs: the NRK fluores- -
cence intensity dropped while emission of F888 1 2 3
increased (Figure S1c). This result suggested the
release of NRK and its transfer to blank NCs (o —emn d e e .
(Figure 1a). In sharp contrast, fluorescence e -l — _I.IZIZ.Egiaﬁ'di&”ﬁEEHD
spectrum of FRET NCs with Lipo-NRK was ; —60mn 3 ——60 min 10 e
only marginally affected, suggesting that Lipo- %‘ i :;ig i %15 :;zlg i 08| “’,ﬁr"
NRK remains inside the NCs without significant £ ——4B0imn § ——480min g i
release. It should be also noted that after two g 310 =% g
weeks, the NRK formulation showed signs of § 5 g < 04l |
dye precipitation, in line with our earlier data § § 2 o3| ;
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As the hydrazone bond is cleavable at low
pH, we incubated Lipo-NRK/F888 NCs with 10-
fold excess of blank NCs at pH varied from
pH7.4 to pHS (Figure 1 and S2). For pH 7.4,
the emission spectra remained stable over 8 h,
suggesting no dye release (Figure 1b). By con-
trast, at pH 6.8, the donor band gradually
increased, while the acceptor band decreased
over time (Figure S2). This trend became more
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Figure 2. a) Scheme of in situ reaction of NRK and LipoHD monitored by FRET using
F888 as energy donor. b) TLC evidence of in situ formation of Lipo-NRK conjugate
inside LipoHD NCs: 1) extracted reaction mixture of LipoHD NCs with NRK in DCM
phase; 2) the same extracted mixture with pure Lipo-NRK; 3) pure Lipo-NRK.

¢) Fluorescence spectra of the reaction mixture of LipoHD/F888 NCs with NRK at
different reaction times after dilution (1000-fold) with 20-fold excess of blank NCs.
Excitation wavelength is 405 nm. d) The same experiments as (c) for NCs without
LipoHD. e) Fluorescence intensity ratio at fixed wavelengths (600 to 450 nm) for
experiments (c) and (d). The in situ reaction was done at pH 4.
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inefficient its encapsulation into lipid NCs. By contrast,
lipophilic hydrazone conjugate Lipo-Dox, pre-synthesized in
organic solvent, showed high solubility in Labrafac oil
(> 1wt %). Blank and LipoHD-loaded NCs were incubated
with Dox for 24 h at pH 4. After the dialysis, no absorbance of
Dox was detected in control NCs without LipoHD, whereas
the absorbance of Dox was significant for LipoHD NCs
(Figure S4). The result was also confirmed by visual observa-
tion of aqueous phase after dialysis (Figure S4a). Dox
encapsulation with respect to the mass of Labrafac oil was
048% based on extinction coefficient of Dox
(12200 M~ 'cm ™). Thus, LipoHD makes Dox prone to
accumulation inside of NCs. The encapsulation efficiency of
Dox into LipoHD-loaded NCs, calculated based on the
absorbance of DOX before and after dialysis (Figure S4b)
was 25.8 %, whereas for control NCs without LipoHD it was
close to zero.

In order to monitor the in situ formation of Dox prodrug
within NCs, a FRET system for Dox was designed. As
a FRET couple of F888 with Dox gave too weak FRET signal
(Figure S5), we selected a far-red lipophilic CyS dye (DiD),
already used as FRET acceptor for Dox.*®) NCs loaded with
DiD and LipoHD were incubated with Dox. The emission
spectra of NCs excited at Dox absorption wavelength
(490 nm) revealed the gradual increase in the FRET acceptor
emission over time with kinetics (the acceptor/donor intensity
ratio vs. time) on the time scale of hours, whereas NCs
without LipoHD showed practically no ratio change (Fig-
ure S6). According to Dox absorption spectra (Figure S7a),
the encapsulation efficiency of Dox into LipoHD NCs was
28.6 %, and resulted loading of Dox was 0.52 % in oil (wW/w),
consistent with data for LipoHD NCs without DiD (Fig-
ure S4b). Thus, our results showed that a drug (or a dye) can
be efficiently loaded inside lipid nanocarrier through in situ
dynamic covalent bond formation generating encapsulated
prodrug. To the best of our knowledge, such “drug-sponge” in
situ drug loading has not been reported to date.

We further exploited the dynamic nature of the hydrazone
bond to trigger pH-controlled release of Dox from NCs
(Figure 3, S8), similarly to experiments with NRK. At pH 7.4,
minimal changes of the FRET spectra (Figure 3a) and the
acceptor/donor ratio (Figure 3f) were observed over 8h,
suggesting relatively slow release of Dox at pH74. By
contrast, at pH 6.8, gradual loss of FRET was observed, and
this trend was stronger with gradual decrease of pH (Fig-
ure 3b-f). We also found that the Lipo-Dox NCs were stable
in physiological buffer PBS (pH 7.4) and in 10% serum
(Figure S8). Thus, with help of LipoHD, Dox release can be
triggered by weakly acidic pH (5.0-6.8), which is important
for delivery of drugs to acidic microenvironment of cancer
tissues.!!2!]

We compared sizes and polydispersity of different for-
mulations used in this study. The size of LipoHD NCs were
close to blank NCs (78 and 85 nm, respectively), which
implies that it does not influence directly the NCs formulation
(Table S1). NRK formulations without LipoHD showed
unexpectedly large size (112 nm). By contrast, NRK conju-
gate with LipoHD favored small and uniform NCs (71 nm). In
case of Dox formulations, the samples after dialysis showed
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Figure 3. Drug (Dox) release from NCs under pH control, studied by
FRET from Dox to Cy5 dye (DiD). a—e) Fluorescence spectra of Lipo-
Dox FRET NCs (1000-fold dilution) in the presence of 20-fold excess of
blank NCs at pH 7.4 (a), pH 6.8 (b), pH 6.2 (c), pH 5.6 (d), and pH 5
(e) over time. Excitation wavelength was 520 nm. f) Fluorescence
intensity ratio of acceptor to donor (670 to 600 nm) at different pH
over time.

systematically lower size (70-85nm) and polydispersity
compared to those before dialysis (105-144 nm). Importantly,
the Dox-LipoHD NCs size was close to that of blank NCs,
which means that drug loading did not affect much the
particles.

To study the pH-dependent release of cargo in cells, NCs
loaded with dye Lipo-NRK or prod-drug Lipo-Dox were
incubated with HeLa cells at pH 7.4 and 5 of PBS followed by
washing. At pH 7.4, Lipo-NRK NCs and Lipo-Dox NCs
showed poor fluorescence inside the cells for both 1 and
30 min incubation (Figure 4). By contrast, at pH 5 the release
of both NRK and Dox was observed after 30 min. Thus, at
neutral pH the Lipo-NRK NCs and Lipo-Dox NCs are
relatively stable in the presence of cells, but undergo release
of NRK and Dox, respectively, at low pH because of
hydrazone hydrolysis. However, the release of Dox was
somewhat faster compared to NRK, which can be explained
by lower lipophilicity of Lipo-Dox compared to Lipo-NRK
(cLogP is 18.8 vs. 22.8) that favors higher access to water of
encapsulated Lipo-Dox and thus faster hydrazone hydrolysis,
in line with our FRET studies. Control experiments with free
NRK and Dox at both pH 7.4 and pH 5 showed some signal
already after 1 min and strong emission after 30 min incuba-
tion (Figure 4), suggesting rapid accumulation of the free
cargos in cells independently of pH.

It remained unclear whether NRK and Dox cargos are
liberated from NCs inside the cells or in the extracellular
medium. The absence of signal for Lipo-NRK NCs in cells
after 30 min (Figure 4a) implies that NCs did not rapidly
internalize inside the cells. This stealth property, also ob-
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formulations in three mammary carci-
noma cell lines: 4T1, D2A1 from
mouse and MDA-MB-231 from human
after incubation for 48 hours. Both free
Dox and Lipo-Dox NCs were found
toxic, with cell viability <50% for
concentration >5SugmL™ (Fig-
ure S11), although some small differ-
ences were observed dependent on
a cell line.

Then, the in vivo therapeutic po-
tential of Lipo-Dox NCs was investi-
gated on mice with xenograft tumors
(D2A1 and MDA-MB-231, Fig-
ure S12). We observed reduced tumor
growth profiles in mice that were
administered with Lipo-Dox NCs,
when compared to control adminis-
tered with only NCs, which is especially
pronounced for D2A1 (Figure S12b).
Moreover, in case of D2A1 cells, Lipo-
Dox NCs showed more effective sup-
pression of tumor growth, compared to
free Dox, which can be explained two
factors. First, Dox is poorly soluble in
water and thus can aggregate, in con-

Lipo-Dox NCs or free Dox at pH 5 and 7.4 (PBS). Excitation wavelength was 470 nm and the
emission filter was 530 nm. Scale bars (a,c): 40 um. d) Mean fluorescence intensity measured in
13 cells from (c) excluding the nucleus area. Statistical analysis (vs. data at pH 7.4, 1 min):

p<0.5 (%), p<0.1 (%), p<0.01 (wix),

served earlier for lipid NCs loaded with lipophilic dye
NR688,3 is probably linked to their PEG shell. To further
verify accumulation of NCs inside the cells, we co-encapsu-
lated our cargos with corresponding lipophilic dye: F888 with
NRK and DiD with Dox. After 30 min incubation, neither
NRK nor Dox formulations showed signal of corresponding
F888 and DiD markers (Figure S9), suggesting absence of
NCs inside the cells. By contrast, NRK and Dox channels
showed strong signal of the corresponding cargo for LipoHD-
based NCs at pH 5 and for control NCs at pH 7.4 (Figure S9),
in line with the data above. We can conclude that at low pH
Lipo-NRK NCs and Lipo-Dox NCs release their cargo into
extracellular medium followed by cargo internalization inside
cells.

Since our Lipo-Dox NCs can slowly release Dox in vitro,
we studied cytotoxicity of Lipo-Dox NCs with that of free
Dox in Hela cells after 12, 24 and 48 h incubation in culture
medium (DMEM). For both formulations, clear cytotoxicity
was observed for concentration >5 pgmL ' and it increased
with the incubation time (Figure S10). Generally, Lipo-Dox
NCs showed a slightly lower cytotoxicity than free Dox,
especially for shorter incubation times. This difference in
cytotoxicity is probably related to the delayed release of Dox
from Lipo-Dox NCs. Nevertheless, after 48 h Lipo-Dox NCs
showed high toxicity, similarly to free Dox, suggesting that
this incubation is sufficiently long to release free Dox from
NCs. Furthermore, we studied cytotoxicity of the two
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trast to Lipo-Dox formulation. More-
over, we previously showed that lipid
NCs of ~100nm diameter exhibit
strong EPR in D2A1 xenografted tu-
mors,® which can favor accumulation
of Lipo-Dox NCs in tumor areas. A
dedicated in vivo study will be needed to explore full
therapeutic potential of Lipo-Dox system.

Inspired by a capacity of LipoHD NCs to capture
molecules in situ through dynamic covalent bond formation,
we wondered whether these NCs can extract ketones, like
NRK and Dox, from cells. The cells were treated with NRK or
Dox and then incubated in LipoHD NCs, blank NCs and
control PBS for 1 and 60 min. In PBS, the changes in the
fluorescence were negligible for both NRK and Dox,
indicating that they remained inside the cells (Figure 5). In
case of blank NCs some decrease in the fluorescence intensity
was observed, which could be explained by partial extraction
of these apolar molecules into the hydrophobic reservoirs of
NCs. In case of Dox, this non-specific extraction was much
less efficient, probably because Dox is less lipophilic than
NRK (corresponding cLogP is 0.32 vs. 4.04). Strikingly,
LipoHD NCs drastically decreased the fluorescence intensity
of both NRK and Dox after 60 min incubation, which was
much stronger compared to blank NCs (Figure 5). Then, we
characterized by fluorescence spectroscopy the extraction
media (LipoHD NCs, blank NCs and PBS) incubated with
HeLa cells for different time. Fluorescence intensity in-
creased over the studied period of 1h for all three media,
whereas LipoHD NCs showed the strongest intensity increase
(Figure S13). Using a calibration curve of the peak fluores-
cence intensity vs. NRK concentration (Figure S13), we found
that the amount of extracted NRK after 1 h was 0.41, 0.29 and
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Figure 5. In situ extraction of ketone drugs by LipoHD NCs from Hela cells.

a) In situ extraction of NRK: cells were pre-incubated with 1 pm of NRK for

30 min, washed and then treated for 1 or 60 min with 100-times diluted LipoHD
NCs, blank NCs and PBS and then washed with PBS before imaging. Excitation
wavelength was 550 nm and the emission filter was 600 nm. b) Mean fluores-
cence intensity measured in 15 cells from (a) excluding the nucleus area. c) In
situ extraction of Dox: cells were pre-incubated with 15 um of Dox for 30 min,
washed, treated or 1 or 60 min with 100-times diluted LipoHD NCs, blank NCs
and PBS and then washed with PBS before imaging. Excitation wavelength was
470 nm and the emission filter was 530 nm. Scale bars (a,c): 40 um. d) Mean
fluorescence intensity measured in 15 cells from c) excluding the nucleus area.
Statistical analysis (vs. data in PBS, 1 min): p<0.5 (¥), p<0.1 (**

0.14 pmol for LipoHD NCs, blank NCs
and PBS, respectively. Given that that
the estimated total amount of NRK
uptaken by cells (see details in SI) was
0.5 pmol, the three media extracted,
respectively 82, 58 and 28% of NRK
form cells. This result confirmed our
microscopy data showing that LipoHD
NCs are significantly more effective
extraction agent than the control me-
dia. Importantly, TLC and mass spec-
trometry of the LipoHD NCs extract
from cells revealed the presence of
LipoHD-NRK conjugate (Figure S14).
Thus, we can conclude that this much
higher efficiency of extraction with
LipoHD NCs is connected with the
formation of the dynamic covalent
bonds of ketone molecules (NRK and
Dox) with the “drug sponge” NCs. As
mentioned above, within this short time
period NCs cannot enter the cells, so
that they extract the internalized ke-
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b tones being outside the cells. Lipophilic NRK and
Dox molecules probably diffuse freely within the
lipophilic compartments of the cells, and therefore
can reversibly reach the plasma membranes, where
they can be transferred to LipoHD NCs. This
extraction process is reverse to a classical accumu-
lation of lipophilic molecules in cells by passive
diffusion and it is energetically favorable here
because of formation of dynamic covalent bonds
between the lipophilic ketones and Lipo-HD inside
NCs. The obtained result provides the first proof of
concept for the use of DCvC for removing drug
molecules from cells.

We further explored the capacity of LipoHD NCs
to extract ketones from tissues. To this end we
selected chicken skin presenting lipid-rich adipose
tissue,® which is expected to uptake lipophilic
molecules/drugs such as NRK and Dox. Transmission

image of the skin showed characteristic morpholog-
Tmin € ical features of adipose tissue with individual cells
Incubation time o o ¥
100 (Figure 6). However, only faint auto-fluorescence
was observed in chicken skin (Figure S15). Incuba-
tion of the skin with NRK or Dox in PBS resulted in
a strong fluorescence signal from the tissue (Figure 6
and S16), suggesting their accumulation in the tissue.
Right after addition of blank NCs or LipoHD NCs to
the stained chicken skin, the fluorescence signal
remained close to that in PBS (Figure 6 and S16)
treated samples. However, after incubation for
30 min, the fluorescence intensity for LipoHD NCs
dropped significantly for both NRK and Dox
(p<0.01), whereas blank NEs showed much smaller
(p <0.5) decrease and PBS did not show any change
for NRK and Dox (Figure 6 and S16). Thus, LipoHD
NCs are able to extract ketones, including Dox drug,
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Figure 6. In situ extraction of ketone drug Dox by LipoHD NCs from chicken skin adipose
tissue. a) Transmission and fluorescence images of in situ extraction of Dox: the skin tissue
was pre-incubated with 45 um of Dox for 10 min and treated for 1 or 30 min with 100-fold
diluted LipoHD NCs, blank NCs or PBS. Excitation wavelength was 550 nm and the emission
filter was 600 nm. Scale bar: 120 um. b) Mean fluorescence intensity measured in the center
area (3 images analyzed per condition). Statistical analysis (vs. data in PBS, 1 min): p<0.5 (*),
p<0.01 (¥5%).
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highlighting the potential of our drug-sponge NCs as a detox-
ification platform.

Conclusion

In this work, we propose a concept of reversible pH-
controlled delivery of active cargo (drug or contrast agent) to
the cells based on DCvC inside lipid nano-droplets, so-called
“drug sponge”. As most of drugs cannot be kept inside oil
core of the lipid nano-droplets because of their moderate
lipophilicity, they need to be modified with a highly lipophilic
moiety to obtain a lipophilic prodrug conjugate. Here, we
changed the prodrug strategy and propose to generate the
conjugate directly inside the oil core of a nanocarrier by
a dynamic covalent bond between a lipophilic molecule and
the cargo. We designed a highly lipophilic hydrazide (Lip-
oHD) capable of forming a hydrazone bond with a cargo
(fluorescent dye and doxorubicin drug) bearing ketone group.
Lipid nanoemulsions loaded with LipoHD were able to
spontaneously accumulate cargo-ketones with a kinetics on
the time scale of hours. In contrast to simple formulations of
nanocarriers with cargos, nanocarriers loaded using dynamic
covalent chemistry were stable at pH 7.4 against cargo
leakage. At low pH (5-6.8), relevant to endosomes and
cancer tissues, the cargos were successfully released, because
of pH-dependent hydrolysis of the hydrazone. This drug-
sponge system was validated in a cancer cell line, where it
showed efficient pH-controlled release of dye/drug cargos
into the cells. LipoHD NCs loaded with doxorubicin showed
cytotoxicity in four cell lines after 48 h incubation, similarly to
free doxorubicin. The therapeutic potential of drug-sponge
NCs loaded with doxorubicin was demonstrated for xeno-
grafted tumors (D2A1 and MDA cells) on mice. Remarkably,
the capacity of our drug sponge to capture cargo molecules in
situ was successfully applied to extract fluorescent ketone and
doxorubicin directly from cancer cells as well as from chicken
skin adipose tissue. Thus, in addition to conventional pH
controlled release, our drug sponge can extract the drug from
cells and lipid-rich tissues (e.g. chicken skin), which is an
unprecedented result for nanoparticles. The unique features
of our drug-sponge NCs rely on liquid nature of the oil core,
which allows in situ reactions, and the use of dynamic covalent
bonds. In contrast to conventional covalent approach where
prodrug is pre-synthesized,***! DCvC ensures that chemically
stable capture molecule (LipoHD) can react in situ with cargo
forming a prodrug directly inside the nanocarrier and, then, at
low pH and high dilution, the reaction is reversed towards the
cargo release. Remarkably, in this cargo loading-release cycle,
prodrug is expected to remain inside the oil core, so that
originally loaded cargo is released to biological subject in its
intact form. In this way, the approach is different from
conventional prodrug approach, where pre-synthesized pro-
drug is brought directly in contact with cells and tissues. We
expect that the developed drug-sponge concept can be
applied to any drug/contrast agent bearing ketone or alde-
hyde group. Moreover, the concept could be extended to
other dynamic covalent bonds, which can enlarge the scope of
cargos. Finally, the capacity of the drug sponge nanocarriers to
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extract drugs from the cells and adipose tissue of chicken skin
opens new possibilities in detoxification from toxins and
excess of used drugs.
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Experimental Section

All starting materials for synthesis were purchased from Alfa Aesar, Sigma-Aldrich unless
specifically mentioned. To be specific, Acetic acid (>99.0%, Sigma-Aldrich), Sodium
phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic dihydrate
(>99.0%, Sigma-Aldrich) were used to prepare 20 mM phosphate buffers at pH 7.4 and pH 4.
DiD oil (1,1'-dioctadecyl-3,3,3’,3"-tetramethylindodicarbocyanine perchlorate) (Cy5) were
purchased from ThermoFisher Scientific. 4’-dioctylamino-3-octyloxyflavone (F888) were
synthesized as described before.!'! Labrafac WL1349® was purchased from Gattefossé (Saint-
Priest, France) Milli-Q water (Millipore) was used in all experiments. Chicken skin were
obtained from chicken legs (Tyson industry) purchased in supermarket Lidl. Synthesis and
characterization of all new compounds, including LipoHD, Nile Red Ketone (NRK), Nile Red
Ketone-LipoHD conjugate (Lipo-NRK) and doxorubicine-LipoHD conjugate (Lipo-Dox) are
described in the Supporting Information. Calculated LogP (cLogP) values for reported
molecules were obtained using ChemDraw 16.0. All error bars correspond to standard
deviation of the mean. Statistical analysis was done based on the one-tailed T-test, using
Microsoft Excel. NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer.
Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer.

Optical spectroscopy

The water used for spectroscopy was Milli-Q water (Millipore), and all the solvents were
spectral grade. Labrafac (Labrafac WL 1349®) is composed of medium-chain triglycerides and
caprylic/capric triglyceride and was obtained from Gattefossé (Saint Priest, France).
Absorption and emission spectra were recorded on a Cary 4000 Scan ultraviolet—visible
spectrophotometer (Varian) and a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon)
equipped with a thermostated cell compartment, respectively. For standard recording of
fluorescence spectra, the emission was collected 10 nm after the excitation wavelength. All the
spectra were corrected for the wavelength-dependent response of the detector. Size distribution
was determined by DLS using a Zetasizer Nano ZSP (Malvern Instruments SA). In DLS,
measurement statistics by volume was used.

Formulation of cargo-loaded NCs

NCs were produced by spontaneous nanoemulsification: the cargo (dyes, LipoHD and/or Pro-
NRK) were dissolved in Labrafac (50 mg and placed in sonication bath at 40 °C for 10 min.
Then, the surfactant Kolliphor ELP® was added (50 mg), and the mixture was homogenized
under magnetic stirring at 40 °C for 10 min up to complete homogenization. Finally, NCs were
generated with the addition of ultrapure (Milli-Q) water (230 mg).

pH-dependent release of Lipo-NRK

In order to prove that LipoHD modified NRK (Lipo-NRK) is more lipophilic and resistant to
leakage than NRK, the conjugate was first synthesized chemically and used for the release
model study. For NRK and Lipo-NRK release model study, five formulations were prepared:



NRK with and without F888, Lipo-NRK with and without F888 and F888 alone. The
concentration of each dye in labrafac was 10 mM. The condition for testing the dye stability in
the presence of empty NCs was created by mixing 100 pL 100 times diluted dye-loaded NCs
(by mixing 10 pL NCs with 990 pL distilled water) with 10-fold excess of blank NCs (10 pL),
which acted as the acceptor medium for the released dyes. The pH dependent release of Lipo-
NRK was conducted by using buffers of ranging pH from pH 5 to pH 7.4 prepared by mixing
different portion of acetate buffer (pH 4) with phosphate buffer (pH 7.4) during mixing with
10-fold excess of blank particles. Fluorescence of the sample was tested at several time points
(5,10, 15, 30, 60, 120, 240 and 480 min). Fluorescence intensity ratio of F888 and NRK (taken
at 453 and 603 nm, respectively) under the excitation wavelength of 405 nm was measured.
All the spectra were corrected by subtracting the blank corresponding to the empty NCs.

In situ formation of Lipo-NRK detected by FRET

The evaluate the in situ reaction inside NCs, NRK was used as a model drug. 300 mL of NCs
prepared from Labrafac containing LipoHD (90 mM) and Kolliphor ELP® (see above) was
mixed with 12.6 pL of 47 mM NRK and 300 pL of pH 4 acetate buffer and reacted for 6 h (rt).
Then, the emulsion was extracted by 600 pL dichloromethane. TLC was used to examine the
content in the organic phase compared with pure Lipo-NRK. Dichloromethane:MeOH=95:5
was used as the mobile phase for TLC. With the help of F888 as energy donor, the reaction
was monitored by the FRET efficiency between F888, the FRET donor, and NRK, the acceptor.
NCs prepared from Labrafac containing F888 (10 mM) and LipoHD (90 mM) were used for
the reaction. NCs prepared from Labrafac containing only F888 (10 mM) were used as a
control. The reaction was initiated by adding 300 pL of pH 4 acetate buffer along with 12.6 pL
of 47 mM NRK. The reaction was diluted at different time points by mixing 10 puL of the
reacted solution with 990 pL of pH 7.4 phosphate buffer. Then 100 pL of this diluted solution
was mixed with 10 pL empty NCs and 880 pL milliQ water, and the emission spectrum was
measured under the excitation wavelength of 405 nm. The fluorescence intensity ratio of peak
at 450 and 600 nm was calculated from the spectrum. All the spectra were corrected from the
blank by subtracting the corresponding spectrum of empty NCs.

In situ formation of Lipo-Dox conjugate detected by FRET

Doxorubicine (Dox), an anti-tumor drug, was also tested by this in situ pro-drug formation
system. Similarly, 300 mL of NCs prepared from Labrafac containing LipoHD (90 mM) were
mixed with 300 pL acetate buffer (pH 4) along with 10 pL of Dox-HCI (150 mM). In the
control experiment NCs without LipoHD were used. The mixtures were vortexed for 24 h at
37 °C. The resulting solutions were dialyzed in 500 mL of 0.1 M NaHCO3 for 24 h. After the
dialysis, encapsulation efficiencies were tested based on the absorbance at 500 nm of the NCs
solution before and after dialysis using 100 fold diluted reaction solution. Afterwards, NCs
containing 90 mM LipoHD and 0.95 mM of DiD (CyS5) in Labrafac were prepared to monitor
the reaction by FRET. To start the reaction, 10 pL of 150 mM Dox-HCI solution in DMSO
were added to 330 pL of NCs along with 300 puL pH 4 buffer, control was conducted with NCs
containing only 0.95 mM of Cy5 in Labrafac. To study the in situ reaction kinetics, the reaction
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at different time points was quenched with 100 fold of phosphate buffer (pH 7.4). Then, 100
pL of this diluted solution were mixed with 10 pL of empty NCs and 980 pL milliQ water. The
reaction was examined by measuring the fluorescence intensity ratio of Cy5 and Dox at 670
and 600 nm, respectively, under the excitation wavelength of 520 nm. After the reaction, the
mixture underwent dialysis for 24 hours. UV absorption was used to determine the
encapsulation ratio of Dox in the form of Lipo-Dox. NCs with the same concentration of Cy5
but without LipoHD were used as a control in the same protocol above.

Lipo-Dox NCs pH dependent release study

To monitor the pH-controlled release of Dox, we used FRET technique similar to that used for
Nile Red derivative NRK. Cy5/Lipo-Dox NCs were prepared by in situ reaction of NCs
containing 90 mM LipoHD and 0.95 mM of DiD (Cy5) in Labrafac for 6 h and for dialysis to
remove unreacted Dox. The obtained Cy5/Lipo-Dox NCs were mixed with 10-fold excess of
blank nano-droplets and the emission spectra were recorded as a function of time at a range of
pHs from pH 5 to pH 7.4 prepared by pH 7.4 (phosphate buffer) and pH 4 (acetate buffer).
Finally, in order to test the compatibility with cell experiments media, PBS with pH 7.4 and
pH 5 adjusted with acetic acid as well as 10% serum were also tested in similar manner.
Fluorescence intensity ratio of Cy5 and Dox (peaks at 670 and 600 nm, respectively) under the
excitation at 520 nm was measured.

Cell experiments

HeLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic
solution (penicillin—streptomycin, Gibco-Invitrogen) at 37 °C in a humidified atmosphere
containing 5% CO.. Hela cells (ATCC) were seeded on 12 mm coverslips at 30,000 cell per
well in DMEM medium with penicillin (100 U/mL), 1% glycan (100 U/mL) and 10 % FBS
overnight. The pH of PBS was adjusted with 1 M acetic acid and 1 M disodium phosphate to
5 and 7.4, respectively. Solution of F888/Lipo-NRK NCs (10 mM each in labrafac) or
Cy5/Lipo-Dox NCs (sample from in situ reaction) pre-diluted 100-times in milliQ water (100
pL) was added to PBS of a given pH to a final volume of 1 mL, corresponding to 1000-times
total dilution of NCs. The cells were washed 3 times with PBS and then the medium was
replaced with a diluted solution of NCs at corresponding pH. Control NCs, containing
F888/NRK or DiD/Dox, were also used in PBS medium at pH 7.4 and pH 5 to check the release
of free NRK and Dox in cells. Cell imaging were conducted at two different time points: 1 min
and 30 min. For both time points, the samples were imaged after washing with PBS.

All cellular imaging studies were done using epi-fluorescence mode with a Nikon Ti-E inverted
microscope, equipped with CFI Plan Apo x60 oil (numerical aperture = 1.4) objective, and a
Hamamatsu Orca Flash 4 sCMOS camera. For Lipo-NRK and NRK imaging, the excitation
wavelength was 550 nm, and emission was detected through 600/50 nm filter. For Lipo-Dox
and Dox imaging, the excitation wavelength was 470 nm, and emission was detected through
531/40 nm filter. In the cololcalization studies, F888 was detected using 390 nm excitation and
470 nm detection filter, whereas DiD was detected using 640 nm excitation and 705/80 nm
detection filter.



The in situ extraction of molecules form cells was done as follows. Briefly, cells were first
incubated with 15 puM of Dox or 1 pM of NRK (concentration determined by the absorption
spectrum) for 30 minutes in the cell culture medium. Afterwards, cells were washed with PBS
once, the fluorescence images were checked to ensure all the groups of cells were stained with
similar amount of Dox and NRK (data not shown). Then, the medium was changed to 100-
times diluted LipoHD NCs (above mentioned) in PBS medium. Control group was treated with
empty NCs (the same dilution) in PBS, and the PBS buffer without NCs was used as blank
control. Images were acquired immediately after the changing of medium defined as time point
1 min (<1 min) and after 1 hour for Dox and NRK in situ uptake study. After imaging, mean
intensity from each cell for NRK and Dox channels was analyzed excluding nucleus (the center
black part of each cells). The obtained values are the mean fluorescence intensity from ~15
cells.

To study the extraction media, HeLa cells were first stained with 1 pM of NRK for 30 min,
washed with PBS and then treated with different extraction media (1 mL): 100-fold diluted
LipoHD NCs, blank NCs or PBS. The extraction media were collected after 1, 5, 15, 30 and
60 min of incubation with HeLa cells to examine the emission spectrum (each condition was
done in triplicate). For PBS group, 100-times diluted LipoHD NCs were added to the extraction
solution to ensure the comparable measuring condition for NRK. To quantify NRK
concentration in the extraction media, the calibration curve of peak fluorescence intensity vs
NRK concentration was built after measuring fluorescence spectra of LipoHD NCs (100-fold
dilution) with increasing concentration of NRK. For estimating the total amount of NRK
accumulated in HeLa cells, the emission spectra of the 1 pM of NRK (1 mL), used for cell
staining, was measured before and after cell staining in the presence of 100-times diluted
LipoHD NCs.

To provide chemical identification of Lipo-NRK conjugates in the extract, NRK-stained HeLa
cells were treated with the LipoHD NCs for 60 min. Then, the medium was collected and the
extraction by dichloromethane was performed. The presence of Lipo-NRK in the extract
studied by TLC (Dichloromethane:MeOH = 95:5) using as references pure Lipo-NRK and a
the in-situ reaction mixture of NRK with LipoHD NCs extracted by dichloromethane (see
above the protocol for the in-situ reaction). Finally, the Lipo-NRK from the same
dichloromethane extract (cell medium with LipoHD NCs) was also identified by mass
spectrometry.

Cytotoxicity study

Four cancer cell lines were used: D2A1,4T1 (mouse origin) and HeLa, MDA-MB-231 (human
origin). The MTS cytotoxicity assay was used, which is based on the reduction of the MTS
tetrazolium compound by viable mammalian cells to generate a colored formazan dye. The
formazan dye is quantified by measuring the absorbance at 490-500 nm. Briefly, tumor cells
(D2A1,4T1, MDA-MB-231 or Hela cells) were seeded at 5000 cell per well in a 96 wells plate.
After 24h, the medium was removed and replaced by drug-containing (Lipo-DOX NPCs or
DOX alone) medium (DMEM). To study time-dependent effect, HeLa cells were incubated for
12, 24 and 48 hours. For other three cell lines, incubation was done for 48 hours. After
incubation, the medium was removed and replaced with MTS containing medium (0.5 mg/mL).



After 4h of incubation, absorbance was read at 490-500 nm. The values of absorbance
corresponding to cell viability was normalized to 100% of the non-treated control cells.

In vivo experiments on mice

All mice were housed and handled according to the guidelines of INSERM and the ethical
committee of Alsace, France (CREMEAS), under the APAFIS agreement number 12780-
2017122016498879. For all experiments, 8 weeks-old female Rj:NMRI Foxnl nu/nu mice
were purchased from Janvier Labs.

2 millions of D2A1 or MDA-MB-231 stably expressing Luciferase cells were diluted in 50 pl
of PBS and injected subcutaneously in the back of 8-week-old female female Rj:NMRI Foxn1
nu/nu mice. When tumors reached a tumor volume of +/- 0.5 cm® (measured with a caliper
using the following formula (width? x length)/2 (mm?)), mice were randomized in 4 groups of
8 mice and subjected to the 4 different treatments: PBS, Doxorubicin, LipoHD NCs or Lipo-
Dox NCs. Lipo-Dox NCs were prepared in situ as described above by incubating LipoHD NCs
with Dox at pH 4, followed by dialysis of the reaction mixture to remove excess of Dox. Final
Dox loading in this formulation was 0.7 % with respect to oil. Before the injection, the
nanoemulsion was diluted twice in PBS. Mice received the treatments by i.v. injection through
the retro-orbital sinus, 2 times per weeks (alternating eyes at each round) of 100 pl
corresponding solution. For free Dox and Lipo-Dox formulations, the single injection dose of
Dox was the same (51ug corresponding to ~2.5 mg/kg). Tumor growth was tracked two
times/week either by caliper measurement (D2A1) or by in vivo bioluminescence imaging
(MDA-MB-231). For bioluminescence imaging, mice were anesthetized with isoflurane and
subjected to i.p. injection of 166 pg/g of a luciferin solution (Perkin Elmer). Imaging was done
5 min upon injection on a IVIS Illumina LT (Perkin Elmer). Photon counts
(photon/second/cm?/sr) were analyzed using Living Image software 4.5 (Perkin Elmer).

Experiment with adipose tissue from chicken skin

A serial of specially cut chicken skin circles (5 mm diameter) was washed with ethanol for 3
times to remove oil on the surface, followed by washing 3 times with water to remove ethanol.
Then, chicken skin was immersed into aqueous solutions of 5 uM NRK or 45 pM Dox for 10
min. Then, the chicken skin tissue was washed with PBS once. The wet skin then was evenly
spread in wells of a Lab-Tek® chamber, and the fluorescence images were acquired. Then, the
medium was changed to 100-times diluted LipoHD NCs in PBS medium (300 pL). Control
group was treated with blank NCs (300 pL, the same dilution) in PBS, and the PBS buffer (300
pL) without NCs was used as a control. Fluorescence images were acquired immediately after
changing the medium, defined as time point 1 min (<1 min). Then the skins with the buffers
were removed into a 1.5 mL Eppendorf® tube and shaken for 30 min at speed of 600 r/min on
a ThermoMixer at rt. Later on, skins were again flatly spread on the Lab-Tek® wells for the
fluorescence microscopy measurements. Fluorescence imaging was done by the Nikon
microscope (see above) using Nikon 20x air objective (Nikon CFI Plan Apo, NA = (.75). For
Dox and NRK imaging, the excitation wavelength was 550 nm, and emission was detected



through 600/50 nm filter. After the imaging, mean intensity for NRK and Dox channels was
analyzed by selecting the center area (same size) of each images (3 images for each condition).
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Fig. S1. (a) Absorption spectra of NCs loaded with NRK, Lipo-NRK, NRK/F888, Lipo-
NRK/F888, F888. (b) Fluorescence spectra of NCs loaded with NRK, Lipo-NRK, NRK/F888,
Lipo-NRK/F888 or F888. (c) Fluorescence spectra of Lipo-NRK/F888/ and NRK/F888 NCs
after dilution and addition 20 fold-excess of black NCs.

The FRET NC's showed additional absorption band of F888 centered at ~390 nm (Fig. S1a).
Control NCs containing F888 only showed strong donor emission, while the NCs loaded with
only acceptor (NRK or Lipo-NRK), excited at 405 nm showed poor emission, suggesting
inefficient direct excitation of the acceptor (Fig. S1b). These results confirmed FRET inside
NCs between co-encapsulated donor (F888) and acceptor (NRK or Lipo-NRK).
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Fig. S2. Fluorescence spectra of Lipo-NRK conjugate NCs for different incubation time pH
6.8, pH 6.2 and pH 5.6 after dilution (1000-fold) in the presence of 20-fold excess of blank
NC:s. (j) Fluorescence intensity ratio of acceptor (Isoo) to donor (Iss0) over time at different pH.
Excitation wavelength was 405 nm throughout.
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Fig. S3. Mass spectrometry of the in situ reaction mixture of LipoHD NCs with NRK after 4 h
(40 °C), extracted with dichloromethane. Characteristic pick of (Lipo-NR + Na)* can be seen.
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Fig. S4. (a) Photo of dialysis for the reaction mixture of Dox with control NCs without LipoHD
(left) and with LipoHD NCs (right) after 24 h of dialysis. Deeper color of released Dox for
control NCs compared to LipoHD-loaded NCs, suggest that Dox was captured inside LipoHD
NCs. (b) Absorption spectra before and after dialysis of reaction mixture Dox with control
(blank) NCs and LipoHD NCs incubated for 24h at rt.
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(a) and after (b) dialysis, monitored by exciting FRET donor F888 (at 380 nm).
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Fig. S6. In situ reaction of Dox with LipoHD monitored by Cy5. (a) Scheme of in situ formation
of Lipo-NRK changing FRET of NCs. (b) Emission spectra of reaction mixture of LipoHD/Cy5
NCs with Dox at different reaction times after dilution (1000-fold) with 20-fold excess of blank
NCs. Excitation wavelength is 520 nm. (c) The same experiment as (b) for NCs without
LipoHD. (d) Fluorescence intensity ratio at fixed wavelengths (674 to 600 nm) for experiments
(b) and (c). The in situ reaction was done at pH 4.
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Fig. S7. (a) UV absorption of Dox-Cy5 mixture in situ reaction before and after dialysis along
with control groups; (b) Fluorescence spectra of NCs exciting at absorption wavelength of
DOX and CyS5 after dialysis. All the three NCs types showed similar fluorescence emission
from Cy5 excited at 620 nm, confirming that all three samples contained similar amount of
FRET acceptor. (c) Comparison of fluorescence spectra exciting at absorption wavelength of
DOX of NCs with and without reaction with LipoHD before and after dialysis.

After the dialysis, the acceptor/donor ratio increased (Fig. S7c) because only unreacted Dox
was removed, whereas without LipoHD this ratio was very low, corresponding to Cy5 NCs
without Dox.
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Fig. S8. (a) Schematic representation DOX release in Lipo-Dox/Cy5 NCs and Dox/Cy5 NCs
in the presence of blank NCs, which is expected to decrease FRET from Dox to Cy5 at given
condition. Dox-LipoHD loaded NCs stability test monitored by FRET in physiological
conditions: (a) pH 5 PBS; (b) pH 7.4 PBS; (c) 10% Serum. Fluorescence spectra of Lipo-Dox
FRET NCs (1000-fold dilution) in the presence of 20-fold excess of blank NCs. Excitation
wavelength was 520 nm.
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Fig. S9. Fluorescence imaging cells incubated for 30 min with (a) LipoNRK/F888 NCs (pH 5
and 7.4) and NRK/F888 (pH 7.4) and (b) Lipo-Dox/CyS NCs (pH 5 and 7.4) and Dox/Cy5 NCs
(pH 7.4). F888 channel: 390 nm excitation and 470 nm detection filter. NRK channel: 550 nm

excitation and 600/50 nm emission filter. DiD channel: 640 nm excitation and 705/80 nm
detection filter.
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Fig. S10. Cytotoxicity of Lipo-Dox loaded NCs compared with free Dox in Hela cell line.

Incubation was done for 12 (a), 24 (b) and 48h (c) with Lipo-HD-Dox loaded NCs or free Dox
at different drug concentrations. Errors are standard deviation of the mean (n = 6).
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Fig. S11. Cytotoxicity of Lipo-Dox loaded NCs compared with free Dox in three cell lines:
4T1 (a), MDA-MB-231 (b) and D2A1 (c). Incubation was done for 48h with Lipo-HD-DOX
loaded nanoemulsion or free DOX drug at different concentrations of the drug. Errors are
standard deviation of the mean (n = 6).
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Fig. S12. In vivo studies on nude mice bearing D2A1 or MDA-231 tumor xenografts, treated
with Lipo-DOX NCs. (a) Tumor implanting and drug administration protocol. (b) Tumor
volume (mm?) assessment for using D2A1 as tumor implanting cell line over 21 days. (c)
Tumor bioluminescence assessment for using MDA-231 as tumor implanting cell line over 21
days. Errors are standard deviation of the mean (n = 8).
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Fig. S13. Fluorescence analysis of the extraction medium incubated with HeLa cells stained
with NRK (1 uM). (a-c) Fluorescence spectra of the cell culture (extraction) media, LipoHD
NCs (a), blank NCs (b) and PBS (c), after incubation with NRK-stained HeLa cells for different
time. 100-times diluted LipoHD NCs and blank NCs or PBS were used. (d) Time-dependent
peak fluorescence intensity for three cell culture (extraction) media based on emission spectra
presented in (a-c). Errors are standard deviation of the mean (n = 3). Quantification of NRK
extraction from LipoHD NCs, empty NCs and PBS: fluorescence spectra (e) and a calibration
curve of NRK pick fluorescence intensity (f) for different concentrations of NRK in the
presence of LipoHD NCs (100-fodl dilution). (g) Fluorescence spectra of NRK staining
solution before and after staining of HeLa cells for 1h. NRK concentration in the staining
medium was 1 uM.

Using pick fluorescence intensity from the cell culture (extraction) media (Fig. S13a-c) and the
calibration curve (Fig. S13f), we estimated the amount of extracted NRK from cells. Then,
using the loss of the fluorescence intensity during staining (Fig. S13g, corresponding to the
internalized NRK) and the calibration curve (Fig. S13f), we could estimate the total amount of
the internalized NRK. These data allowed us to further calculate the fraction (%) of the
extracted NRK from HeLa cells.
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Fig. S14. TLC and mass spectrometry data that evidence in-situ formation of Lipo-NRK during
the extraction of NRK from HelLa cells. (a) TLC of three samples (eluent
dichloromethane:MeOH = 95:5): (1) dichloromethane extract from LipoHD NCs incubated
with NRK-stained cells (1h); (2) dichloromethane extract from the in-situ reaction of NRK
with LipoHD NCs after 1 h (40 °C); (3) pure Lipo-NRK. (b) Mass spectrum of the
dichloromethane extract from LipoHD NCs incubated with NRK-stained cells (1h), presenting
a characteristic pick of (Lipo-NR + Na)*.
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Fig. S15. Auto-fluorescence from chicken skin adipose tissue. (a) Transmission and
fluorescence images. (b) The same fluorescence image as in (a) but with a different intensity
scale. Excitation wavelength was 550 nm and the emission filter was 600 nm.
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Fig. S16. In situ extraction of ketone dye NRK by LipoHD NCs from chicken skin adipose
tissue. (a) Transmission and fluorescence images of in situ extraction of NRK: tissue was pre-
incubated with 5 uM of NRK for 30 min, washed, treated or 1 or 30 min with 100-fold diluted
LipoHD NCs, empty NCs and PBS and then washed with PBS before imaging. Excitation
wavelength was 550 nm and the emission filter was 600 nm. (b) Mean fluorescence intensity
measured in the center area (3 images analyzed per condition). Statistical analysis (vs. data in
PBS, 1 min): p < 0.5 (*), p < 0.01 (¥**).
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Table 1. Size measurements of formulated nano-droplets.

Sample Size PDI
(nm)
Blank NCs 85 0.22
LipoHD 78 0.15
F888 79 0.11
NRK 112 0.36
Lipo-NRK 71 0.10
NRK-LipoHD/F888 77 0.15
NRK/F888 114 0.24
NRK-LipoHD/F888, in situ 79 0.15
NRK-F888, in situ 113 0.23
Dox NCs, before dialysis 134 0.23
Dox-LipoHD NCs, before dialysis | 144 0.22
Dox NCs after dialysis 71 0.13
Dox-LipoHD, after dialysis 85 0.06
Dox/CyS5 before dialysis 105 0.22
Dox/Cys5 after dialysis 70 0.10
Dox-LipoHD/Cy5 before dialysis | 116 0.19
Dox-LipoHD/Cys5 after dialysis 71 0.10

# Dye concentration in labrafac: F888 (10 mM); Lipo-NRK (10 mM); NRK (10 mM); Cy 5
(0.95 mM). Concentration for in situ reactions is not shown.
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Synthesis and chemical characterization
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Scheme S1. Synthesis of LipoHD.
Synthesis of LipoHD

To the solution of succinic anhydride (192 mg, 1.92 mmol) in THF (20 mL) was added
dioctadecylamine (500 mg, 0.96 mmol), then mixture was refluxed overnight under argon
atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
recrystallization from dioxane to give desired product as a colorless solid (550 mg, 92%).

Compound 1. To the solution of succinic anhydride (192 mg, 1.92 mmol) in THF (20 mL)
was added dioctadecylamine (500 mg, 0.96 mmol), then mixture was refluxed overnight under
argon atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
recrystallization from dioxane to give desired product as a colorless solid (550 mg, 92%). 1H
NMR (400 MHz, CDCI3) 6 ppm 11.72 (1H, bs), 3.34 (4H, t), 3.19 (4H, t), 1.56 (4H, bs), 1.24
(60H, bs), 0.86 (6H, t). MS for [C40H79NO3 — H*]" m/z (M-1) calc. 620.61, found 620.60.

Compound 2. To the solution of 1 (500 mg, 0.080 mmol) in DMF (10 mL), tert-butylcarbazate
(159 mg 1.21 mmol), PyBOP (630 mg, 1.21 mmol), and DIPEA (1.11 mL, 6.4 mmol (8 eq))
were added and stirred at room temperature overnight under argon atmosphere. The solvent
was evaporated in vacuo, then resulting residue was purified by flash column chromatography
on silica gel (eluent EtOAc/Hepane 50:50) to give desired product as a colorless solid (365 mg,
yield 62%). 1H NMR (400 MHz, CDCI3) é ppm 8.14 (1H, bs), 6.36 (1H, bs), 3.29 (2H, t), 3.21
(2H, t), 2.68 (2H, t), 2.58 (2H, t), 1.53 (13H, bs), 1.20 (60H, bs), 0.88 (6H, t). MS for
[C45H89N304+H*" m/z (M+1) calc. 736.69, found 736.69.

Compound 3 (LipoHD). To the solution of 2 (350 mg, 0.48 mmol) in DCM (10 mL), TFA
(10 mL) and 2 drops of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to
remove TFA and give desired product 3 as a colorless solid (362 mg). IH NMR (400 MHz,
CDCI3) & ppm 7.77 (1H, bs), 3.27 (2H, t), 3.16 (2H, t), 2.65 (2H, t), 2.49 (2H, t), 1.50 (4H,
bd), 1.24 (60H, bs), 0.84 (6H, t). MS for Chemical Formula: [C40H81N302+H] m/z (M+1)
calc. 636.63, found 636.63.
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Scheme S2. Synthesis of Lipo-NRK

Compound 4 (NRK). To the solution of 2-hydroxy-Nile Red (150 mg, 0.45 mmol), potassium
carbonate (310 mg, 2.24), catalytic amount of potassium iodide in DMF (10 mL), (159 mg 1.21
mmol), chloroacetone (160 puL, 2.24 mmol) was added and stirred at 100 °C for 3 h under argon
atmosphere. The solvent was evaporated in vacuo, then resulting residue was washed by brine.
The organic layer was dried over MgSOy, filtered and evaporated in vacuo. The residue was
purified by flash column chromatography on silica gel (eluent DCM/MeOH = 98:2) to give
desired product as a violet solid (132 g, yield 75%). |H NMR (500 MHz, CDCI3) 8.24-8.22
(d, J=10.4 Hz, 1H), 7.99-7.96 (d, J = 3.6 Hz, 1H), 7.21-7.18 (q, J=11.6 Hz, 1H), 6.66-6.63 (q,
J=10.8 Hz, 1H), 6.43-6.42 (d, J=2.8 Hz, 1H), 6.28 (s, 1H), 4.74 (s, 1H), 3.46-3.43 (q, J=24.3
Hz, 4 H), 2.36 (s, 3 H), 1.27-1.24 (t, J=13.9 Hz, 6H).MS(ESI+) calcd for 391.16
C23H22N204H (M+H)+; 391.164 observed.
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Mass spectrum of NRK.
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Lipo-NRK. To the solution of LipoHD (30 mg, 0.077 mmol), in EtOH (2 mL), NRK (115 mg
0.15 mmol), triethylamine (22 pL, 0.15 mmol) was added and refluxed for 3 h under argon
atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by puri-
flash HPLC (eluent DCM/MeOH = 98:2 to 96:4) to give desired product as a violet solid (50
mg, yield 65%). 1H NMR (500 MHz, CDCI3) 8.69 (s, 1H), 8.63 (d, J = 7.0 Hz, 1H), 8.39 (s,
1H), 7.73-7.70 (d, J=8.1 Hz, 1H), 7.08-7.06 (d, J=9.3 Hz, 1H), 6.51 (s, 1 H), 6.20-6.19 (d, J =
8.1 Hz, 1H), 6.10 (s, 1H), 4.3 (s, 1H), 3.44 —3.39 (m, J = 29.1 Hz, 3H), 3.30-3.22 (m, J=33.7
Hz, 1H), 3.08-3.04 (m, J = 19.8 Hz, 2H), 2.82 — 2.68 (q, J = 47.7 Hz, 5H), 2.54-2.39 (m, J =
57.0 Hz, 1H), 1.89 (s, 1H), 1.63-1.48 (m, J=67.5 Hz, 4 H), 0.94-0.90 (t, ] = 12.8 Hz, 6H), 0.78-
0.74 (t, J=12.4 Hz, 6H), 1.36-1.25 (m, J=47.7 Hz, 63 H). MS(ESI+) calcd for 1009
C63H101N5SO5H (M+H)+; 1008.79 observed,1008.78 cal.
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Mass spectrum of Lipo-NRK.
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Scheme S3. Synthesis of Lipo-Dox.

Lipo-Dox. To the solution of doxorubine/hydrochloride (Dox, 40 mg, 0.069 mmol), in MeOH
(45 mL) and DCM (5 mL), LipoHD (57 mg 0.09 mmol), TFA (50 uL) was added and stirred
overnight under argon atmosphere. The solvent was evaporated in vacuo, then resulting residue
was purified by flash column chromatography on silica gel (eluent DCM/MeOH/trichylamine
= 85:14: 1) to give desired product as a red solid (45 mg, yield 25%). 1H NMR (500 MHz,
CDCI3) 8.01 (m, J =8.0 Hz, 1H), 7.74 (m, J = 7.7 Hz, 1H), 7.35 (m, J = 7.4 Hz, 1H), 5.49 (s,
1H), 5.26 (s, 1H), 4.75 - 4.57 (m, J=4.7 Hz, 2H), 4.05 (d, J = 4.1 Hz, 4H), 3.48 (s, 1H), 3.38 —
3.18 (m,J = 3.3 Hz, 6H), 3.18 — 2.89 (m, J = 3.0 Hz, 3H), 2.79 - 2.61 (m, J= 2.7 Hz, 2H), 2.52
(d,J =2.52Hz, 1H),2.37—-2.12 (m,J =2.2 Hz, 1H), 1.81 - 1.64 (m, J = 1.7 Hz, 2H), 1.55 (d,
J =1.6 Hz, 4H), 1.27 (s, 63 H), 0.89 (t, J = 0.9 Hz, 6H). MS (ESI+) calcd for Cg7H110N4sO13H
(M+H)*: 1162; observed: 1161.8.

The compound was characterized by "H-NMR and COSY spectrum. The carbon spectrum was
difficult to obtain for the reason of compound aggregation at higher concentrations. As shown
in the FT-IR spectrum, the peak at 1730 cm™ which represented the presence of ketone
disappeared in the spectrum of Lipo-Dox. The intensity of peaks at 2896 cm™ increased in
comparing to that of Dox. This resulted from the long alkyl chains of Lipo-Dox. Peaks observed
in Dox around 3312 cm™ came from the moisture within the commercially available Dox. This
peak disappeared in the synthesized Lipo-Dox, this showed the dryness of Lipo-Dox obtained,
which is for stability of Lipo-Dox, sensitive to hydrolysis.
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Figure S17. Identification of Lipo-Dox (a) Mass spectrum; (b) 'H-NMR spectrum; (c) Full
spectrum of COSY; (d) COSY spectrum characterization in zoomed areas of interest; (e) TLC
after Lipo-Dox purification. 1. Free Dox; 2. Mixture of free Dox and purified Lipo-Dox; 3.
Purified Lipo-Dox; (f) FT-IR of Dox and Lipo-Dox.
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Results and Discussions

2.2- Functional nanoemulsion based on reversible imine
bonds for controlled cargo delivery and capture
(Article 2 — manuscript)

Based on the success of the previous drug sponge system using LipoHD-loaded nanoemulsion, we
started to look for possibilities to extend this technology to more biocompatible dynamic covalent
bonds. The imine is also a reversible covalent bond that is liable in an acidic environment.
However, its chemical formation is difficult because it is highly sensitive to moisture and the
product is expected to degrade during purification. This inspired us to use the above-mentioned
nanoemulsion nano-reactor to provide a hydrophobic oil core environment for the imine formation.
In the previous study, FRET was used as a powerful tool to study the reversible in situ reaction
process. Here, we looked for an alternative method where imine bond formation switches the
emission color of a model fluorescent dye.

The objective of this study was to develop a dual-functional nano-carrier system based on
dyanamic imine bonds with pH sensitivity for drug release and with the ability to uptake
hydrophilic toxic aldehyde. Similar to the first project, a lipophilic reactive capture molecule
bearing two long alkyl chains and an amine group (LipoAmine) was synthesized and encapsulated
inside for the functionalization of nanoemulsion (Figure 2.3).

C18H37
C18H37

_—0

O‘ ¥>- C18H37 NEs O
’O ° C18H37 ’ PA NEs

LipoAmine

PA PA-LipoAmine

PA-LipoAmine
NEs

Figure 2.3. Formation of PA-LipoAmine and change of emission wavelength of NEs with
(LipoAmine NEs) and without (Empty NEs) mixed with PA reacted after 2 hours, observed under
UV lamp (excitation wavelength 365 nm).

For the model study, we started by using fluorescent dye bearing aromatic aldehyde group (PA)
as a model compound for the examination of the imine bond formation, since there is a blue shift
resulting from the change in the push-pull dye system after the formation of imine bond 4. We
fount that this system worked for the formation of the imine bond as indicated by the emission
spectra (Figure 2.4).
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Figure 2.4. Emission scan under excitation wavelength of 380 nm for the monitoring of in situ
formation of LipoAmine-PA conjugate at different time points.

Afterward, to prove the formation of this bond, we reduced imine to a stable amine and extracted
the produced PA conjugate into the organic phase. After the extraction, we successfully identified
the reduced compound by TLC mass spectrometry. The pH-controlled release in cells experiments
showed that the imine bond containing nanoemulsion was stable at neutral pH, while released PA
cargo under an acidic environment. The functional NEs also showed the capability to extract PA
from pre-stained cells and chicken skin surfaces (Figure 2.5). Next, we successfully applied the
functional NEs to extract toxic aldehydes (4-hydroxynonenal) from the cells, showing the first
proof of concept for cell detoxification.
a b "

L

LipoAmine

d NEs

Figure 2.5. lllustration of PA loading to (a) and in situ extraction from (b) skin surface. The skin
fluorescence images after PA loading (c) and extraction (d) under UV lamp excitation wavelength
of 254 nm. (e) Fluorescence from different extraction media under excitation of 365 nm (with
extraction medium from 1. LipoAmine NEs; 2. NEs; 3. PBS.
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Abstract

Currently, biomedical applications of nanocarriers are focused on drug delivery, where
encapsulated cargo is released in the target tissues under control of external stimuli. Here, we
propose a very different approach, where the active toxic molecules are removed from biological
tissues by the nanocarrier. It is based on the drug-sponge concept, where specific molecules are
captured by the lipid nanoemulsion droplets due to dynamic covalent chemistry inside their oil
core. To this end, we designed a highly lipophilic amine (LipoAmine) capable to react with a free
cargo-aldehyde (fluorescent dye and 4-hydroxynonenal toxin) directly inside lipid NEs, yielding
lipophilic imine conjugate well encapsulated in the oil core. The formation of imine bond was first
validated using a push-pull pyrene aldehyde dye, which changes its emission color during the
reaction. The conjugate formation was independently confirmed by mass spectrometry. As a result,
LipoAmine-loaded nanoemulsions (NEs) spontaneously loaded cargo-aldehydes, vyielding
formulations stable against leakage at pH 7.4, which can further release the cargo at low pH range
(4-6) in solutions and living cells. Using fluorescence microscopy, we showed that LipoAmine
NESs can extract pyrene aldehyde dye from cells as well as from an epithelial tissue (chicken skin).
Moreover, successful extraction from cells was also achieved for a highly toxic aliphatic aldehyde
4-hydroxynonenal, which allowed to obtain the proof of concept for detoxication of living cells.
Taken together, these results show that the dynamic imine chemistry inside NEs can be used to
develop detoxication platforms.

1. Introduction
Traditional biological application of nanoparticles is drug delivery, with the concept of “magic
bullet” that ensures specific targeting and local release of drug at a diseased site in the body with
a simultaneous reduction of toxic effects towards non-targeted normal tissues.! 2 Ideally, to meet
this standard, smartly designed drug delivery system should release the drug in response to the
physiological stimuli in the body.® One of the most popular stimuli in the field of controlled drug
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delivery is pH, since tumor microenvironment, inflammatory sites* and bacterial infections tissues®
have slightly more acidic pH values than physiological media and healthy tissue. To this end,
various pH-responsive drug delivery vehicles have been prepared from different pH-responsive
chemical functionalities, including hydrazone® ’ acetal,™ ® ortho ester,® 1° imine 2 and vinyl
ether 1314

On the other hand, a largely underexplored direction in bio-nanotechnology is to design of
nanomaterials capable to uptake toxic molecules and drugs from biological tissues. Indeed, high
surface to volume ratio and presence and/or presence of reaction nano-reservoir inside NPs core
could enable extraction of toxic species from biological specimen or medium and their further
accumulation in the NPs. Among rare examples in literature, one should mention cross-linked
cationic surfactant NPs (micelle_ENREF_4) in combination with dialysis membrane, capable of
removing anionic species found in natural water for de-pollution.™ The silica-containing redox
NPs were designed for scavenging reactive oxygen species with help of peritoneal dialysis.'® The
lack of examples in literature can be probably explained by difficulty to capture specific molecules
within the multitude of other species present in biological fluids. In this respect, capturing
aldehydes is of particular interest, because they are naturally present in small concentrations. An
example is 4-hydroxynonenal (4HN), which has a significant importance since it is associated with
numerous diseases, such as chronic inflammation, neurodegenerative diseases, adult respiratory
distress syndrome, atherogenesis, diabetes and different types of cancer.'’

An original approach to capture toxic molecules including aldehydes is to use lipid nano-emulsion
droplets composed of oil core stabilized by a surfactant. Their oil core can serve as reservoir, to
encapsulate hydrophobic species. NEs are highly promising for biomedical applications because
they are (1) inexpensive and easy to produce; (2) composed of excipients generally recognized as
safe (GRAS) and/or FDA approved and (3) biodegradable.'®2? In addition, NEs are highly stable
in biological media like serum and in vivo in blood circulation.?® 2* However, encapsulation in
NEs is efficient only for lipophilic molecules with low water solubility, whereas partially water
soluble compounds undergo a fast leakage from droplets in presence of acceptor media.?®
Accordingly, a strategy to enhance stability of encapsulated NEs is their functionalization with
lipophilic groups.?® 2 Therefore, we hypothesized that efficient uptake in NEs, of the toxic
molecules like aldehydes, could be done through in situ reaction of the aldehyde with a highly
lipophilic molecule, with the objective to generate in situ, a stable highly lipophilic conjugate. For
this purpose, one could exploit dynamic covalent chemistry, which deals with dynamic bonds that
form and disrupt reversibly under environmental control.?’2° Dynamic covalent chemistry was
successfully applied for designing intelligent materials with self-healing and adaptive properties.3>-
32 Dynamic covalent bonds are particularly attractive for the field of drug delivery, because these
bonds can be broken under environment stimuli providing controlled drug release.®® The most
popular dynamic covalent bonds include hydrazone,* oxime,* imine,*® 3" disulfide,® boronate
ester®® etc. Recently, we have shown that lipophilic hydrazide LipoHD encapsulated inside NEs
can form in situ dynamic hydrazone bonds with ketones, which ensure efficient capture of model
cargo dye NRK and ketone drug doxorubicin.*’ This approach showed a unique possibility to
remove molecules bearing ketone group from cells and tissues. However, hydrazine derivatives
are limited by their toxicity, which makes this system incompatible with detoxication applications
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in living systems. In this respect, dynamic imine bonds #! appear as attractive alternative to
hydrazones, because it would exploit amines, which are much less toxic than hydrazine
derivatives.

In the present work, we explored a possibility to capture aldehyde molecules by in situ formation
of dynamic imine bonds with lipophilic amine inside oil core of NEs, using amine-based molecule
with low toxicity. To this end, we synthesized lipophilic amine LipoAmine and studied its
reactivity with different aldehydes inside NEs. A push-pull pyrene dye (PA) reported by us*? was
selected as a model aldehyde, because of its high fluorescence brightness suitable for cell imaging
and presence of the aldehyde group in the fluorophore. In this push-pull dye, the modification of
the aldehyde group with an imine should alter electronic configuration of the dye and thus its
fluorescence properties, making the reaction observable.** We found that the dynamic imine bond
between PA and LipoAmine inside NEs can be formed in situ inside NEs, which leads to
significant change in the emission color of the dye. The stability of this bond can be altered by low
pH, leading to control release of the dye into medium and cells. Even more importantly, we showed
that LipoAmine-loaded NEs can effectively capture PA aldehyde from cells and tissues. Moreover,
LipoAmine NEs were able to extract a highly toxic aldehyde 4HN, increasing cell survival, which
provided a proof of concept of the detoxication by NEs.

2. Results and discussion

2.1. Principle and task in the present work
In our design, lipophilic amine encapsulated inside oil core of NEs is expected to form

dynamic imine bonds with an aldehyde, which would produce lipophilic conjugate and thus
effective aldehyde capture. To this end, we designed a lipophilic amine LipoAmine, bearing a
primary amino group and two octadecyl alkyl chains. As model aldehyde, we selected reported
push-pull pyrene dye PA.* Its electron acceptor aldehyde group is expected to drastically change
optical properties of the dye on formation of dynamic imine bond with amines (Fig. 1). The latter
would allow us to monitory formation of the dynamic covalent bond. On the other hand, due to
the pH sensitivity of the imine bond, the formed conjugate is supposed to be cleaved under low
pH, thus releasing the native cargo.
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Fig. 1. (a) Scheme of in situ dynamic imine bond formation inside NEs for in situ capture and
release of aldehydes. (b) Chemical reaction between LipoAmine and PA aldehyde.

2.2. In situ formation of PA-LipoAmine conjugate
We explored NEs as a nano-reactor for the in situ imine formation. As it could be observed

in the excitation (Fig. 2a) and emission spectra (Fig. 2b, ¢), PA dye in the presence of NEs loaded
with LipoAmine showed a blue shift of ~25 nm in the absorption and 50 nm in the emission
spectrum. Thus, the in situ reaction can be monitored by emission spectra. As it could be observed
in Fig. S1, the emission spectrum blue shifted gradually over time and stabilized after 4h of
reaction at 40 °C, indicating the completion of the reaction. The blue shift was accompanied by
the increase in the fluorescence intensity. However, when excited at 420 nm, the blue shifted band
was less intense, because at 420 nm, the excitation of the newly formed conjugate is less efficient
than at 380 nm, in line with the corresponding excitation spectra (Fig. 2a).
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Fig. 2. Spectroscopic study of LipoAmine NEs mixed with PA versus blank NEs (without
LipoAmine) mixed with PA, after 4 h incubation at rt. Normalized absorption spectra (a) and
emission spectra at excitation wavelength of 420 nm (b) and 380 nm (c). (d) Change in the emission
color of NEs without LipoAmine (left) and with (right) mixed with PA reacted after 4 h at rt and
photographed under UV lamp (excitation wavelength 365 nm).
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In order to verify the formation of PA-LipoAmine conjugate, the extraction by
dichloromethane of the reaction mixture was performed (with or without reduction by NaBH.) and
followed by a thin layer chromatography (TLC) (Fig. 3a). According to TLC, compound isolated
from the reaction mixture (yellow spot, sample 1) without NaBH4 showed the same Rf value as its
control without LipoAmine (yellow spot, sample 2). However, in the presence of NaBHa4, which
is expected to reduce imine bond to a stable amine, a novel blue spot (sample 3) was observed,
characterized by higher Rf compared to its control without LipoAmine (sample 4, Fig. 3b). One
should note that change in the color of PA in the control samples with NaBH4 is probably linked
to a reduction of the PA aldehyde into an alcohol. The observed much higher Rf in the presence
of LipoAmine supports the formation of highly lipophilic conjugate. This blue spot (circled in red)
was then isolated from TLC and studied by mass spectrometry. We found that this new spot
corresponded to the molecular weight of reduced PA-LipoAmine conjugate (calculated molecular
weight: 889.78 g/mol; observed 889.73 g/mol). These experiments suggested that PA-LipoAmine
conjugate was formed in situ inside the oil core, but it was hydrolyzed during the extraction process
due to the instability of imine bond yielding starting material PA dye. After reduction of this imine
by NaBH4 into more stable amine, it was possible to identify the conjugate.
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Fig. 3. (a) Scheme of PA-LipoAmine NEs reduction by NaBHs and extraction process (by
dichloromethane) for TLC mass analysis. (b) Photographed TLC plate (under excitation of UV
lamp at 360 nm) of the extraction from (1) PA + LipoAmine NEs, (2) PA + blank NEs, (3) PA +
LipoAmine NEs after the reduction and (4) PA + NEs after the reduction. (c) Chemical structure
and theoretical molecular weight of reduced PA-LipoAmine and TLC mass examination of the
new TLC spot (red mark) from the reduced rection mixture of PA + LipoAmine NEs.

2.3. Size characterization of NEs

We compared sizes and polydispersity of different formulations used in this study. As
shown in Table S1, the presence of PA-LipoAmine or LipoAmine inside NEs did not have a
significant impact on the size of NEs, with the sizes 69.0 and 70.3 nm, respectively, close to blank
NEs (73 nm). Some increase in the size was observed for control sample with PA added to blank
NEs (without LipoAmine). Overall, the absence of the effect of LipoAmine on NEs size and
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polydispersity suggests that the formulation process is not affected and LipoAmine do not interfere
with interfacial properties. This highly lipophilic molecule is probably well encapsulated inside
NEs oil core without affecting the NEs formulation process and its colloidal stability.

2.4. pH controlled release of PA-LipoAmine

A fundamental aspect of using dynamic imine bonds is the reversibility of the loading
process in order to allow a controlled release of the native cargo. Based on the pH-sensitivity of
imine bond, PA-LipoAmine loaded NEs could enable controlled release PA. As the formation of
PA-LipoAmine conjugate changed the emission color of PA, pH-controlled release of PA due to
imine bond disruption was also monitored with fluorescence spectroscopy. A 10-fold excess of
blank NEs were added, as an acceptor medium in the PA-LipoAmine NEs suspension. The results
were reported in Fig. 4, in which decreasing the pH to values equal to 6 and 4 (for Fig. 4.b and
Fig. 4.c, respectively) led to a red shift of PA emission spectra, suggesting cleavage of the imine
bond. Control studied under neutral pH did not show any spectra shift of the emission band,
confirming the stability of the PA-LipoAmine inside NEs (Fig 4. a). Importantly, the release of
model dye already occurred after slight pH decrease from 7.4 to 6, (Fig 4.c), characteristic for
some tumor microenvironment.** Then, the release accelerated at lower pH, equal to 4 (Fig 4.c),
so that PA release was nearly completed after 15 min.
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Fig. 4. pH-controlled release of PA from PA-LipoAmine NEs in the presence of 10-fold excess of
blank NEs. Emission spectra under excitation wavelength of 380 nm at different pH: (a) pH 7.4,

(b) pH 6 and (c) pH 4. The spectra were correct from the blank NEs to remove of the effects of the
light scattering.

In order to explore the potential of this functional NEs for controlled delivery in contact
with living cells, experiments were conducted with PA-LipoAmine loaded NEs, incubated with
HeLa cells, at neutral and low pH. The cellular PA fluorescence intensity could be used to detect
PA released into cells. As shown in Fig. 5, intracellular fluorescence was readily detected after 5
min incubation with free PA under both neutral and acidic pH, suggesting that PA can easily
penetrate the cells. The incubation of cells the PA-LipoAmine NEs in neutral conditions showed
relatively low fluorescence even after 30 min. Trace of signal could be related to NEs
internalization, in line with previous data.*? Importantly, at pH 6, after 30 min incubation, a
dramatic increase of the PA emission was observed inside the cells. This observation is confirmed
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by a quantitative analysis of the images (Fig. 5b). These results suggest that lipophilic NEs loaded
with PA-LipoAmine conjugate inside oil core are stable at neutral pH, and release PA cargo at
slightly lower pH.
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Fig. 5. pH-dependent release of PA from NEs in HelLa cells. (a) Fluorescence images of cells
incubated for 5 and 30 min with PA-LipoAmine NEs at pH 7.4 and 6 and with the same
concentration of free PA (at pH 6 and 7.4), under excitation at 470 nm. (b) Mean fluorescence
intensity of 10 cells.Statistical analysis (vs. data same condition, 5 min): p < 0.1 (*), p < 0.001

(***) .

2.5. In situ cellular uptake of PA by LipoAmine-loaded NEs

The capacity of LipoAmine NEs to spontaneously accumulate PA opens a possibility to
develop a system for capturing toxic aldehydes in biological environments. To explore this
application, PA was used as a model of the aldehyde for administrated into HelLa cells. Then, they
are incubated with LipoAmine NEs (blank NEs or PBS as controls) with an objective perform PA
extraction from the cells. As reported in Fig. 6, after 30 min of incubation with LipoAmine NEs,
drastic decrease in the fluorescence intensity of PA, by ~7-fold, was observed. In contrast, only
1.4-fold drop in the fluorescence intensity was induced after incubation with blank NEs, and nearly
no changes were observed for the control with PBS. This tendency could also be observed in the
videos (enclosed as Supplementary material) that showed a rapid fluorescence decrease after the
application of LipoAmine NEs, compared to the control blank NEs and PBS. In addition, the
presence of PA inside cells induced a phototoxicity, which was higher for blank NEs and PBS
compared to LipoAmine NEs, as identified by the shrinking of the cells, followed by formation of
bubbles at the cell membrane in the first two cases (Fig. S2). This was the consequence of the
prolonged excitation of PA in cells that generated highly toxic singlet oxygen, which was known
to produce similar morphological changes in the stressed cells.*® On the other hand, this
phenomenon did not happen with LipoAmine NEs, likely due to the fast and efficient extraction
of PA from the cells, thus providing first demonstration of the detoxication effect by these NEs.

Then, gquantification of the PA extraction was done by fluorescence spectroscopy of the
extraction media (LipoAmine NEs, blank NEs and PBS) beforehand incubated with HeLa cells
(Fig. S3). Standard calibration curves of fluorescence intensity were established for PA alone in
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NEs. Due to different spectroscopic properties of PA-LipoAmine conjugate, calibration curves
were also done for PA-LipoAmine in NEs. We found that the amounts of extracted PA from cells
after 30 min were 220, 20 and 2 pMol, for LipoAmine NEs, blank NEs and PBS, respectively. The
estimated total amount of PA uptaken by cells was 270 pmol, which was obtained from comparison
of the fluorescence intensity in the extracellular medium before and after cell staining (see details
in Fig. S3). Therefore, LipoAmine NEs, NEs and PBS media extracted 81%, 7% and 0.7 % of toral
PA form the cells, respectively. These results confirmed the microscopy data and the quantitative
image analysis.
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Fig. 6. Extraction of PA from HeLa cells with LipoAmine NEs. (a) Fluorescence images of cells
stained with PA, before and after incubation with LipoAmine NEs, blank NEs or PBS for 30 min.
Excitation wavelength was 470 nm. NEs were 200-fold diluted from the original formulation. (b)
Mean fluorescence intensity of 10 cells selected avoiding border.Statistical analysis (vs. data
before application): p < 0.1 (*), p < 0.001 (***).
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2.6. PA in situ extraction by LipoAmine NEs from model avian epithelial tissue

Further investigation of the capability of LipoAmine NEs to extract model aldehyde dye,
was conducted on model epithelial tissue from avian origin (chicken skin). Transmission
microscopy image of the skin showed characteristic morphological features of epidermis tissue, of
stratum corneum with specific textures (Fig. 7a). Only faint (negligible) auto-fluorescence was
observed in these imaging conditions (Fig. S4). After incubation with PA solution, all tissues gave
good fluorescence signal under UV lamp (excitation wavelength of 365 nm) (Fig. S5c) and
especially from the texture parts of the tissue (Fig. 6), suggesting PA accumulation. After 3 h
incubation with LipoAmine NEs, the PA fluorescence intensity in the skin tissue dropped
significantly in the area contacted with the NEs in comparison to that before incubation
(p < 0.001). In contrast, the fluorescence intensity drop of PA in tissues brought in contact with
blank NEs was less significant (p < 0.01), whereas almost negligible changes were observed for
PBS (Fig. 7 and Fig. S5d). In addition, strong blue shifted fluorescence was observed in the
extraction medium from LipoAmine NEs in comparison to that of NEs under UV lamp excitation
(Fig. S5e), indicating imine formation and in situ formation of PA-LipoAmine conjugate. Thus,
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LipoAmine NEs were able to extract aldehyde compound from the skin surface, highlighting the
potential of our drug-sponge NEs as a skin detoxication tool.
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Fig. 7. In situ extraction of PA by LipoAmine NEs from epithelial tissue (chicken skin). (a)
Transmission (grey) and fluorescence (green) images of in situ extraction of model aldehyde
compound PA: the skin tissue was pre-incubated with 3 uM of PA for 30 min and treated for 6 h
with LipoAmine NEs, blank NEs or PBS. NEs were 100-fold diluted from the original formulation.
Excitation wavelength was 470 nm and the emission filter was 531/40 nm. Scale bar: 250 um. (b)
Mean fluorescence intensity measured in the center area (3 images analyzed per condition).
Statistical analysis (vs. data before application): p < 0.1 (*), p <0.01 (**), p <0.001 (***).

2.7. Detoxication of cells from 4-hydroxynonenal by LipoAmine NEs

In order to test the potential of LipoAmine loaded NEs to capture toxic biological
aldehydes, 4-hydroxynonenal (4HN) was studied as a drug model. This compound is of significant
biological importance, because it is associated with numerous diseases, such as chronic
inflammation, neurodegenerative diseases, adult respiratory distress syndrome, atherogenesis,
diabetes and different types of cancer.!” Reports showed that this compound could induce
apoptosis, causing around 60% cell death at 20 uM concentration in human osteosarcoma cell line
MG63.%° Firstly, in situ reaction was conducted between 4HN and LipoAmine inside NEs. The
conjugate of 4HN with LipoAmine was successfully identified by mass from the DCM extraction
phase of the reaction mixture (Fig. S6), suggesting the potential of using LipoAmine NEs as
extraction agent to detoxify cells from 4HN.

Treatment of Hela cells with growing concentrations of 4HN revealed that the latter was
cytotoxic, with 55% cell death for 20 uM of 4HN, consistent with the earlier data on a different
cell line (MG63 cell line).*® This concentration was then applied to investigate the detoxication
potential of LipoAmine NEs at different NEs concentrations. In the absence of 4HN, the viability

116



Results and Discussions

of the cells incubated with NEs containing or not LipoAmine (Fig. 8b) was similar, showing that
LipoAmine did not have significant impact on the cytotoxicity of NEs. However, both blank NEs
and LipoAmine NEs displayed non-negligible cytotoxicity at high concentrations (10% from the
original formulation), in line with the earlier studies.*” This could be due to the surfactant of NEs,
which might cause at high concentrations harmful effect on the cell membranes.

In the presence 4HN, significantly higher cell viability (around 62%) was observed for
LipoAmine NEs compared to the blank NEs (around 42 %) at optimal NEs concentration (4%
from the formulation). One should note that the detoxicification effect of LipoAmine NEs was
observed only at concentrations over 4 % of the NEs dilution. We can speculate that at lower
concentrations the extraction of 4HN was too weak, while at higher concentrations the detoxication
effect was compensated by some cytotoxicity of NEs. Meanwhile, at the highest used
concentration of the NEs, cells with and without 4HN showed similar level of cell viability, except
for cells incubated with 4HN and blank NEs. The statistical analysis between the individual groups
confirmed the detoxicification effect of LipoAmine NEs against 4HN (Fig. S8).

Several conditions were selected to demonstrate the detoxication effect by naked eye in a
6-well plate. According to Fig. S7, well number 4 without 4HN showed much darker yellow color
compared to the well number 1 with 4HN in PBS, indicating strong cytotoxicity effect of the latter.
For blank NEs, the toxicity effect of 4HN was also clearly observed (wells 3 and 6). However, in
the presence of 10 % LipoAmine NEs (i.e. 10-fold diluted NEs), the wells showed similar strong
yellow color with or without 4HN (wells 2 and 5, respectively). These results are consistent with
the quantitate analysis shown above. Our results provide evidence that LipoAmine NEs are able
to remove 4HN toxin from cells, which is linked to their capacity to form imine bonds with 4HN
inside the oil NEs core.
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Fig. 8. (a) Viability of HeLa cell incubated for 4 h with different concentrations of 4-
hydroxynonenal (4HN). (b) Detoxication study with LipoAmine NEs based on four different
conditions: cells with 4HN (20 uM) treated with blank NEs (NEs 4HN); cells with 4HN (20 uM)
treated with LipoAmine NEs (LipoAmine NEs 4HN); cells without 4HN treated with NEs (NEs
Control); cells without 4HN treated with LipoAmine NEs (LipoAmine NEs Control).
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3. Conclusion

In the present study, we developed a “drug sponge” platform for reversible uptake and delivery
of aldehyde-bearing molecules, exploiting dynamic imine bond formation inside oil core of NEs.
In this system a highly lipophilic amine (LipoAmine) was designed and its capacity to form
reversible imine bonds inside NEs was investigated using a model fluorescent aldehyde, push-pull
pyrene PA. We found that PA aldehyde undergoes a blue shift in its emission on incubation with
LipoAmine NEs, suggesting in situ formation of the imine bond. The obtained PA-LipoAmine
conjugate in form of reduced amine derivative was successfully identified by the mass
spectrometry. PA-LipoAmine conjugate inside NEs was found stable at neutral pH of 7.4, while
at acidic pH (pH 6 and 4), a characteristic red shifted emission indicated the cleavage of the imine
bond and the release of free PA. Cell imaging experiments showed that acidic conditions (pH 6)
trigger the release of PA into the cells, while at neutral pH, the release of PA was minimal. Thus,
drug sponge NEs based on dynamic imine chemistry could become a platform for loading and
further pH-controlled release of active molecules bearing aldehyde function. Furthermore,
LipoAmine NEs showed great potential for the uptake of aldehyde compounds from cells. Using
fluorescence microscopy, we showed than LipoAmine NEs can extract PA aldehyde from cells on
the time scale of 30 min and thus protect the cells from phototoxic effects. LipoAmine NEs could
also effectively remove PA form epithelial tissue (chicken skin), showing the first demonstration
that dynamic imine chemistry can be used for detoxication of skin. Moreover, successful extraction
was also achieved for a highly toxic aliphatic aldehyde 4HN, which allowed to obtain a proof of
concept for detoxication of the cells from aldehydes. Taken together, these results show that the
dynamic covalent chemistry of imine bonds inside NEs could be exploited to develop detoxication
platforms, for example by simple application of NEs to the skin surface. This concept of drug-
sponge NEs could be extended to other green chemistry reactions, which allow specific capture
and release of other biologically active molecules.
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Materials and Methods

All starting materials for synthesis were purchased from Alfa Aesar, Merck-Sigma-Aldrich
unless specifically mentioned. Acetic acid (>99.0%, Sigma-Aldrich), sodium phosphate
monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic dihydrate (>99.0%, Sigma-
Aldrich) were used to prepare 20 mM phosphate buffers at pH 7.4, pH 6 and pH 4. Milli-Q water
(Millipore) was used in all experiments. Labrafac (Labrafac Lipophile WL 1349) is composed of
medium-chain tiglycerides and caprylic/capric triglyceride was obtained from Gattefossé (Saint
Priest, France). Synthesis and characterization of all new compounds, including LipoAmine, are
described in the Supporting Information. PA dye was synthesized as previously described.?

Spectroscopy

Absorption and emission spectra were recorded on a Cary 4000 Scan ultraviolet—visible
spectrophotometer (Varian) and a FS5 spectrofluorometer (Edinburgh instrument). All the
emission spectra were corrected from the lamp fluctuations and wavelength-dependent response
of the detector. Size distribution was determined by DLS using a Zetasizer Nano ZSP (Malvern
Instruments SA). In DLS, measurement statistics by volume was used. All error bars correspond
to standard deviation of the mean. Statistical analysis was based on the one-tailed T-test, using
Microsoft Excel. NMR spectra were recorded on a Bruker Avance 111 400 MHz spectrometer.
Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer.

LipoAmine NEs, PA-LipoAmine formulation
LipoAmine containing NEs were prepared in the following sequence. Firstly, 3 mg
LipoAmine were dissolved in 50 uL of dichloromethane (DCM), then, 50 mg of both
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LabrafacWL and surfactant Cremophor ELP® (also called Kolliphor ELP®) were added. The
mixture was homogenized by ultrasound under 40 °C for 10 min, followed by DCM evaporation
under vacuum. Finally, NEs were generated with the addition of ultrapure (Milli-Q) water (230
ML) mixed by a thermo-shaker at the speed of 1400 r/min under 40 °C. For in situ reaction, 30
pL of this LipoAmine NEs were used to react with 5 uL of PA (3 mM in DMSO) in 1 mL of
ultrapure (Milli-Q) water under 40 °C. The molar ratio of LipoAmine to PA was calculated to be
30 to 1. Control NEs was obtained by mixing 30 pL of blank NEs with 5 pL of PA (3 mM in
DMSO) in 1 mL Milli-Q water. The reaction was monitored by fluorescence spectrum under the
excitation wavelength of 380 nm and 420 nm.

Identification of formed PA-LipoAmine
The reacted NEs (30 pL LipoAmine NEs reacted with 5 pL 3 mM PA in 1 mL Milli-Q

water) were mixed with excess of NaBHa (1.2 mg) for 2 hours to reduce the formed proton
sensitive imine into stable amine. Control NEs (30 pL blank NEs added by 5 uL 3 mM PA in 1
mL Milli-Q water) were treated using the same reduction protocol. After this process, samples
before and after the reduction were extracted by DCM and Milli-Q water. The organic phase was
collected for TLC analysis (DCM:MeOH=9:1). The novel blue stop on TLC for the reduced PA-
LipoAmine was extracted by MeOH and analyzed by mass spectrometry.

pH-dependent release of PA-LipoAmine

The stability of pre-formed PA-LipoAmine containing NEs was tested under different pH
conditions. Briefly, 100 pL of PA-LipoAmine NEs (formed after 4 hours of in situ reaction under
40 °C) was mixed with 10 pL of concentrated blank NEs (corresponding to 10-fold mass excess
of blank NEs) as PA acceptor in 1 mL of phosphate buffer with pH of 4, 6, 7.4. Emission spectra
at the excitation wavelength of 380 nm were recorded to monitor the degradation process for the
time points of 1, 15, 30, 60 and 120 min.

pH-dependent release of PA from PA-LipoAmine NPs to cells

Hela cells (ATCC® CCL-2) were seeded on 35 mm ibidi dish (40000/dish) with glass
bottom and coverslips in DMEM medium with penicillin (100 U/mL), 1% glycan (100 U/mL)
and 10 % FBS at 37 °C in a humidified atmosphere containing 5% CO> overnight. The cells
were washed 3 times with PBS and then the medium was changed to 50 times diluted solution of
PA-LipoAmine NEs (containing 300 nM PA-LipoAmine) at pH 6 and 7.4. Control sample
containing 300 nM PA at pH 7.4 and pH 6 PBS medium was also prepared to test the release of
free PA in cells. Cell imaging were acquired after washing at 1 and 30 min time points.

In situ uptake of PA from cells by LipoAmine NPs
The in-situ extraction of PA from cells was done as follows. Cells were first incubated

with 600 nM of PA for 30 min in Opti-Mem. After cells were washed with PBS, fluorescence
images were checked to ensure the cells were stained with similar amount of PA (before
application of NEs). Then, the medium was changed to 200-times diluted LipoAmine NEs in
PBS medium. Control cells were treated with 200-times diluted blank NEs in PBS. Finally, PBS
buffer without NEs was used as blank control. Video was acquired immediately after changing
the medium by taking 30 frames over 30 min for PA in situ uptake study. The individual images
were also taken to compare PA fluorescence intensity from cells. After imaging, mean intensity
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from each cell for PA channel was analyzed excluding nucleus (the center black part of each
cell). The obtained values were the mean fluorescence intensity from 15 cells.

All cellular imaging studies were done using epi-fluorescence mode with a Nikon Ti-E
inverted microscope, equipped with CFI Plan Apo x60 oil (numerical aperture = 1.4) objective,
and a Hamamatsu Orca Flash 4 SCMOS camera. For PA imaging, the excitation wavelength was
470 nm of Lumencor Spectra X LED, and emission was detected through 531/40 nm filter.

In order to calculate the amount of PA extracted from cells, the emission spectra of the
extracellular PA dye (10 x dilution) were measured before and after cell staining. To study the
extraction media, the extraction media were collected to examine the emission spectrum (in
triplicates). For the control PBS group, 200-times diluted blank NEs were added to the extraction
solution to ensure the comparable measurement condition for PA. To quantify PA or PA-
LipoAmine concentration in the extraction media, the calibration curve based on peak
fluorescence intensity of PA or PA-LipoAmine in solutions of a gradient dilution of PA or PA-
LipoAmine (15 pM) NEs. For estimating the total amount of PA accumulated in HeLa cells, the
emission spectra of PA staining solution was measured before and after cell staining in the
presence of 200-times diluted NEs. Excitation wavelength were set at 420 nm and 380 nm for
efficient PA or PA-LipoAmine excitation, respectively.

Experiment with adipose tissue (chicken skin)

A series of specially cut chicken skin circles (around 3 cm diameter) was washed with
ethanol for 3 times to remove oil on the surface, followed by washing 3 times with water. The
wet skin was then evenly spread on a 150 mm plastic plate with epidermis side on the top. Then
our 3D printed funnel with diameter of 25 mm was pressed on the skin tissue and filled with 2
mL PA solution in PBS (3 uM) for 30 min (Fig. S5a), then medium was removed and the tissue
washed with PBS. The image was taken under UV lamp (excitation 254 nm), followed by taking
fluorescence images of the epidermis side. Then, a funnel with diameter of 15 mm (Fig. S5b)
was pressed on the central PA-stained area on epidermis side, and the device was loaded with
100-times diluted LipoAmine NEs in PBS medium (2 mL). Control samples were treated with
blank NEs (2 mL, the same dilution) in PBS, and only PBS buffer (2 mL) as blank control. After
6 h incubation, the solutions were removed, images were taken under UV lamp (excitation 254
nm), fluorescence images (epidermis side) were acquired immediately. Extracted media were
also imaged under UV lamp (excitation 365 nm). Fluorescence imaging was done by the Nikon
microscope (see above) using Nikon 10x air objective (Nikon CFI Plan Apo, NA = 0.75). For PA
imaging, the excitation wavelength was 470 nm, and emission was detected through 531/40 nm
filter. After the imaging, mean intensity for PA channel was analyzed for each image (3 images
for each condition).

3D printing

Form 3, 3D printer (Formlabs) was used for 3D printing of incubation chambers. The chambers
were designed with FreeCAD parametric 3D modeler software (STL file is available upon
request). Clear V4 resin (Formlabs) was used for 3D printing. After the 3D printing, polymer
stents were rinsed with isopropyl alcohol to remove the excess of resin and exposed under UV
light for 30 minutes.
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Cytotoxicity assay

In order to test the capability of LipoAmine NEs to uptake toxic compounds from cells,
toxic natural aldehyde 4-hydroxynonenal (Merck-Sigma-Aldrich) was chosen. Cytotoxicity was
evaluated by a WST-1 assay. Briefly, 96-well plate and 6-well plate was seeded with Hela cells
(5000 cells/well and 30000 cells/well, respectively) overnight, washed by PBS twice before
changing to PBS containing testing samples. The cytotoxicity of 4-hydroxynonenal was tested
under different concentration of 4-hydroxynonenal (0, 2, 5, 10, 20, 40 uM) in PBS. Afterward,
20 uM solution of 4-hydroxynonenal was used for the testing the detoxification potential of
LipoAmine NEs or blank NEs (as control) at different concentrations (0-10% dilution). The
cytotoxicity of NEs (blank or with LipoAmine) were also tested in PBS. After adding PBS
containing NEs, cells were incubated for 4 h, washed with PBS twice and then the medium was
changed to WST-1 containing cell culture medium (5 pL/200 pL for 96-well plate and 25
ML/1000 pL for 6-well plate). Then, cells were incubated for 30 min. For 96 well plates, the
absorbance at 440 nm were tested under a microplate reader, with 6 replicates for each condition.
Cell viability was calculated in according to UV absorbance data. Statistical analysis including
the calculating of derivation and significance between two set of data was conducted using
Origin.

Synthesis and chemical characterization

(0] (0]

/C18H37 Boc-B-Ala-OH /\)J\ /C13H37 TFA, DCM /\)J\ /C18H37
HN — > BocHN N — HN N
cH PyBOP, DIPEA, AN H
18risr DMF 1 CigHs7 2 CigHa7

Tert-butyl (3-(dioctadecylamino)-3-oxopropyl)carbamate (1). To the solution of Boc-p-Ala-
OH 190 mg (1.0 mmol) in DMF (10 mL) was added dioctadecylamine (388 mg, 0.7 mmol),
PyBOP (500 mg, 1.0 mmol), and DIPEA (1.1 mL, 6.4 mmol) were added and stirred at room
temperature overnight under argon atmosphere. The solvent was evaporated in vacuo, the
resulting residue was purified by flash column chromatography on silica gel (eluent
EtOAc/Hepane 50:50) to give desired product as a colorless solid (268 mg, yield 75%). *H NMR
(400 MHz, CDCI3) 5.36 (s, 1H), 3.41 (p, J=11.3, 6.0, 2H), 3.30 - 3.21 (t, 2H), 3.20 - 3.11 (t, 2H),
2.48 (t, J=5.5, 2H), 1.50 (m, J=6.7, 6H), 1.42 (s, 9H), 1.25 (s, 64H), 0.87 (t, J=6.9, 6H). 13C
NMR (101 MHz, CDCI13) 6 170.42, 77.32, 77.21, 77.01, 76.69, 48.03, 46.24, 36.63, 31.93,
29.71, 29.66, 29.63, 29.59, 29.56, 29.52, 29.36, 29.27, 28.63, 27.56, 27.06, 26.89, 22.69, 14.10.
HRMS(ESI+) calcd for C44H88N203 692.6795 and 715.6693 (M+Na)*; observed 715.6702.
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3-Amino-N,N-dioctadecylpropanamide (2). The solution of compound 1 (268 mg, 0.39 mmol)
in DCM (5 mL), TFA (5 mL) and 2 drops of MiliQ water was stirred at rt for 2 h. After

126



Results and Discussions

confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to remove
TFA and give desired product 3 as a colorless solid (214 mg). *H NMR (400 MHz, CDCI3) 3.60
(s, 1H), 3.34-3.20 (m, 4H), 3.21-3.10 (t, 2H), 2.74 (s, 2H), 1.63-1.42 (m, 4H), 1.25 (s, 64H), 0.88
(t, J=6.9, 6H). 1°C NMR (101 MHz, CDCI3) § 170.58, 77.48, 77.36, 77.16, 76.84, 48.18, 46.39,
36.79, 32.08, 29.87, 29.82, 29.78, 29.74, 29.71, 29.68, 29.52, 29.42, 28.78, 27.72, 27.21, 27.05,
22.84, 14.26. HRMS (ESI+) 592.6271 calcd for C39H80N20 and 593.6349 (M+H)™; observed
593.6339.
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Fig. S1. Emission spectra of PA during reaction with PA-LipoAmine NEs at different time
points. Excitation wavelength: 380 nm.
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a Before video b After video
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Fig. S2. Cellular images before and after 30 min video recording at PA excitation channel
(excitation 420 nm). (a) Before application of NEs and video recording; (b) after 30 mins video
recording. Three images each condition from left to right: merge of DIC and PA channel, PA

channel and DIC channel.
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Fig. S3. Calibration of PA and PA-LipoAmine emission signal for their quantification in the cell
extraction medium. (a) PA emission spectra at different concentrations in the presence of NEs
(excitation wavelength: 420 nm). (b) Calibration curve of PA fluorescence intensity vs PA
concentration. (c) Emission spectra of PA extraction medium from cells by blank NEs and PBS
(excitation wavelength of 420 nm. (d) PA-LipoAmine NEs emission spectra at different PA
concentrations (excitation wavelength: 380 nm); (e) Calibration curve of PA-LipoAmine NEs
fluorescence intensity vs PA-LipoAmine concentration. (f) Emission spectra of PA extraction
medium from cells by LipoAmine NEs and PBS (excitation wavelength of 380 nm). (g)
Fluorescence spectra of PA staining solution (10 x dilution) before and after staining of HeLa

cells for 30 mins. PA concentration in the staining medium was 0.6 M.
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Fig. S4. Auto-fluorescence microscopy images of chicken skin surface. (a) Transmission (grey)
and fluorescence (green) images of chicken skin surface. (b) The same fluorescence image as in
(a) but with a different intensity scale. Excitation wavelength was 550 nm and the emission filter

was 600 nm.
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a
C

LipoAmine
d NEs

Fig. S5. Experimental setup for (a) PA staining and (b) in situ extraction of PA from chicken
skin. The incubation chambers were 3D printed. Chicken skin fluorescence after PA staining (c)
and extraction (d) under UV lamp (excitation wavelength: 254 nm). (e) Fluorescence from
different extraction media: (1) LipoAmine NEs; (2) blank NEs and (3) PBS (excitation

wavelength: 365 nm).
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Fig. S6. Mass spectrum of DCM extraction phase from the in-situ reaction of 4-hydroxynonenal

with LipoAmine NEs. The formula of the identified imine of 4-hydroxynonenal with LipoAmine
is shown.
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PBS LipoAmine NEs Blank NEs
: -7 ;

Fig. S7. Photo of WST-1 cytotoxicity assay in 6 well plate for demonstrating detoxification of

cells from 4-hydroxynonenal (4-HN) by LipoAmine NEs compared with blank NEs. Darker
yellow color corresponds to higher cell viability.
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Fig. S8. Significance study by comparing cytotoxicity data of two independent tests: (a) blank
NEs and LipoAmine NEs; (b) blank NEs and LipoAmine NEs in the presence of 20 uM 4-HN;
(c) LipoAmine NEs with 4-HN and a control without 4-HN. The values p < 0.1 (*), p <0.01
(**), and p < 0.001 (***) were assumed as the level of significance for the statistical analysis.

Table S1. Size measurements of formulated nano-droplets

Sample Size PDI
(nm)
LipoAmine NEs 69.0 0.131
PA-LipoAmine NEs 70.3 0.148
Blank NEs 73.0 0.119
PA NEs 84.5 0.234
References
1. Y. Niko, P. Didier, Y. Mely, G. I. Konishi and A. S. Klymchenko, Scientific Reports, 2016, 6, 18870.
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2.3- Preparation of functionalized nanoemulsion by in
situ covalent chemistry and exploring the potential for
tumor targeting applications (Article 3 — manuscript)

The ultimate goal of NCs is specific targeting tumor areas. In this way, the loaded drug could be
efficiently carried to the targeted tissue. Thus, minimizing the effect to normal tissues and reducing
the side effects of the loaded drug as well as reducing the administrating drug dosage (the drug
concentration to the treating area would be the same as the high dosage using conventional non-
targeting carriers) benefited from this active targeting ability.

In this project, the possibility of preparing targeting NEs was explored based on the above-
mentioned successful in situ reactions. Cholesterol, a natural lipid generally considered as a
harmless, was selected as the lipophilic counterpart. Cholesterol was reacted with 4-nitrophenyl
carbonochloridate to form a carbonate, which can react with amines. We encapsulated this
functional cholesterol (NPC-Chol) in NEs, assuming that this functional NEs could in situ react
with amines. To explore the capability of NPC-Chol of reacting in situ with molecules containing
primary amine, we first tested the reaction with ethanolamine. Then, we designed a Biotin-
PEG3000-lysine linker, which is expected to expose biotin at NEs surface after reaction with NPC-
Chol. In this design, lysine end bearing with two amines would be grafted with cholesterol, thus
fixed inside the core of NEs, while long PEG3000 would ensure exposure of the biotin outside of
the NEs. These biotinylated NEs loaded with Dil-TPB dye were capable to specifically bind to the
Neutravidin (streptavidin analogue) on glass surface, observed by fluorescence microscopy.

Electrophoresis was used for the validation of successful inserting of biotin on NEs surface from
in situ reaction of Biotin-Peg-lysine with NPC-Chol loaded NEs. We expected that biotinylated
NEs would have strong affinity to streptavidin, thus making the streptavidin-biotinylated NEs
migrate together on gel during electrophoresis. Co-localization of fluorescence from Cy5 labelled
streptavidin and Dil-TPB loaded NEs confirmed successful grafting of biotin on NEs surface. Then,
using biotin-Neutravidin-biotinylated antibody (cetuximab) sandwich structure, we tested capacity
of NEs to target cells (SKBr3) overexpressing EGFR. A good cell membrane targeting by NEs
(loaded with Dil-TPB dye) was observed if the sandwich structure was constructed in separate
steps on cell membrane, by sequential addition of biotinylated antibody, then Neutravidin and
finally, biotinylated NEs, with washing after each step. We also aimed to obtain separately NEs-
antibody conjugate by removing the excess of free antibody and Neutravidin, which can compete
in the experiments on cell targeting. Size exclusion chromatography with a special resin was
explored as a possible way to purify NEs-antibody conjugate. Firstly, as a prove of concept of this
purification technique, we attempted purification of Dil-TBP loaded biotinylated NEs conjugated
with Cy5-Streptavidin with size exclusion chromatography. Result showed a fraction combining
fluorescence from both Dil-TPB and Cy5 could be obtained, which could be separated from the
fraction of free Cy5-Streptavidin, indicating the efficacy of using this method for the purification
of functional NEs. Then we purified DiD-TBP loaded NEs grafted with antibody using size
exclusion chromatography. The latter showed good membrane targeting ability on SKBr3 cells
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based on the confocal microscopy (Figure 2.6). The in vivo experiments on mice are planned in
the near future, in cooperation with Dr. Jacky GOETZ team.

Figure 2.6. Confocal microscopy of purified antibody NEs targeting SKBr3 cells. (a) Antibody
NEs group; (b) Biotinylated NEs group.
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Article 3 — manuscript
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Functionalization of lipid nanoemulsions with antibodies by green chemistry

Fei Liu,1? Bohdan Andreiuk,! Tesla Yudbhistira,! Nicolas Anton,? Andrey S. Klymchenko?
lUniversité de Strasbourg, Laboratoire de Bioimagerie et Pathologies, UMR 7021 CNRS, 74 route du Rhin, 67401
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Introduction

Nanoemulsions (NEs) composed of biocompatible lipids and PEGs generally considered as green
nanocarriers (NCs) for lipophilic drugs as well as dyes.l*! With size ranging from 50 to 200 nm,
and relatively long blood circulation period due to its structure similarity with lipid droplet and
liquid nature. Some research formulated NEs with enhanced permeability and retention (EPR)
effect, i.e. accumulating long-circulating particles in tumors. Those characteristics made NEs good
candidate for image guided surgery and tumor targeting NCs. This encouraged researches to
challenge further to formulate NEs bearing targeting moieties to make the targeting effect even
more specific. Different targeting moieties were attempted to give NEs active targeting property,
for example, (i) conjugating folic acid to the NEs surface make the droplets selectively internalized
into folate receptor-positive cells;™? or (ii) conjugating Arginylglycylaspartic acid (RGD) on the
surface, the NEs are capable to target avp3 integrin rich cells.®] However, only a rare report shows
functionalization of NEs with a low molecular weight antibody, scFv-Fc TEG4-2C (37 KDa)
enabled direct MRI imaging of atherosclerosis in mice models.!*! The development of dye-loaded
NEs bearing a variety of antibodies for targeted optical imaging constitutes a promising research
direction. Since the antibody and antigen binding is more specific and precise for different tumor
types. In the present study, an universal way of modifying NEs surface with antibody by using
green chemistry method was developed. The idea is to create the in situ reaction of a targeting
ligand with a highly lipophilic molecule present in the oil core of the NEs. Nitrophenol-formate of
Cholesterol was chosen as a reactive lipophilic entity for in situ reactions in NEs with amino-
containing compounds (e.g., Biotin-PEGes-lysine derivative, ligand with linker). Cholesterol is a
natural lipid compound, which make it attractive for formulating non-toxic NCs. In this design,
we expect that PEGes inserted into the surfactant layer, while lysine, bearing two amines would
react in situ with modified cholesterol. This design is expected to ensure that lysine coupled to two
cholesterol units would remain anchored into oil core of the NEs droplet, while the biotin,
connected through PEGes is trapped at the interface towards aqueous bulk phase. Then, this
biotinylated-NEs will allow building biotinylated-NEs-streptavidin-biotinylated antibody
sandwich, through a step by step addition streptavidin and biotinylated antibody to the NEs. As a
result, NEs decorated with antibody will be obtained. In situ reaction was verified by chemical and
spectra method, biotinylated-NEs was proved by glass surface staining and gel electrophoresis,
and cell imaging to prove that the obtained NEs functionalized with antibodies and able to target
cells overexpressing corresponding antigens. To summarize this study provides a green,
spontaneous and universal way of conjugating antibody to NEs surface.

Results and discussion

Methodology of functionalization.

We aimed at developing NEs with decorated with antibodies to enable targeting tumor cell
membrane with the corresponding antigen. Given liquid nature of the oil core, we considered that
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efficient anchoring of large biomolecule at the surface, can only be achieved by a linking with a
highly hydrophobic anchor counterpart. In our original design, we prepared reactive cholesterol
derivative, (4-nitrophenyl) carbonate of cholesterol (NPC-Chol) and dissolved it in the oil core of
NEs. We also synthesized a PEG linker bearing lysine moiety on one end and biotin on the other.
The two amino groups of lysine would react in situ with NPC-Chol thus generating anchoring of
PEG linker in the oil droplet’s core, by two highly hydrophobic Chol moieties. Due to sufficiently
long PEGes linker, we expect that the biotin moiety would be exposed well outside of NEs surface.
Then, biotinylated antibody would be coupled to biotinylated-NEs though a Neutravidin (avidin
analogue) bridge. The selected antibodies were cetuximab since they were commonly used for
targeting EGFR on the surface of cancer cells.

NPC-Chol was synthesized in one step from cholesterol and p-nitrophenol-chloroformate in basic
conditions.P! The biotin-PEG-Lys linker was synthesized in several step, starting from mono-Boc
protected PEGs4 diamine, followed by its coupling with biotin. Then, Boc group was removed in
TFA and the obtain amine (1), which was reacted with Boc-protected lysine to yield conjugate 2.
The latter was deprotected affording final linker biotin-PEG-Lys. The identity of the final
compound was confirmed by NMR and mass spectrometry. To formulate NEs loaded with NPC-
Chol, the latter was dissolved in vitamin E diacetate oil (6 wt.%), mixed with Kolliphor ELP®
surfactant.
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Fig. 1. Synthesis of the biotin-PEG-lysine linker (a) and its further application for functlonallzation
of NEs with an antibody (b).

Model study of in situ reaction of NPC-Chol loaded NEs with ethanolamine

The possibility of the in situ reaction of NPC-Chol with an amine inside NEs was firstly tested by
a reaction with model compound ethanolamine. Thanks to a side product nitrophenol in basic with
a characteristic absorption band in an aqueous solution, we are able to monitor the reaction by
photometry. In the presence of ethanolamine (Fig. S1), a strong increase in the absorbance was
observed in comparison to the control group. The non-negligible absorbance of nitrophenol in the
control could be caused by the slow degradation of NPC-Chol in pH 8.5 phosphate aqueous
solution. Mass spectrometry of the organic phase extraction of the reaction mixture revealed the
presence of the conjugate Chol-ethanolamine (Fig. S2), which provided a direct proof for the in
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situ reaction of NPC-Chol with ethanolamine inside NEs.

In situ reaction of NPC-Chol loaded NEs with Biotin-PEG64-lysine

Similarly to ethanolamine, biotin-PEG-Lys reaction with NPC-Chol is expected for form Chol
conjugate and thus liberate the p-nitrophenol (Fig. 1). The reaction was again monitored by the
yellow side product p-nitrophenol (Fig. S3). After reaction of NPC-Chol loaded NEs, with the
linker biotin-PEG-Lys for 24 h, we observed a significant increase in the absorbance at 400 nm
compared to the control (without linker). Then, to quench the non-reacted NPC-Chol, we incubated
the mixture with an excess of ethanolamine, which lead to further increase in the absorbance of p-
nitrophenol. Assuming that after incubation with ethanolamine, 100% of NPC-Chol reacted with
the amines, all of p-nitrophenol, we could estimate the reaction ratio for the reaction of NPC-Chol
with biotin-PEG-Lys around 40 %. Based on the total NPC-Chol amount of 3 mg (6 wt.% in oil),
the total concentration (in 1 mL) of reacted NPC-Chol was expected to be 2 mM. Since each biotin-
PEG-lysine could react with 2 molecules of NPC-Chol, the total biotin concentration calculated to
be ~1 mM.

Biotin NEs immobilization on glass surface with Neutravidin

Biotin is a water-soluble vitamin that forms a stable complex with avidin. Although the bond
between the biotin and the avidin is not covalent, its dissociation constant is among the lowest in
the nature (Kg 104 mol LY). Thus, the biotin—avidin complex is commonly used in molecular
biology and bio-nanotechnology for its rapid, efficient and robust bio-conjugation.[®! Neutravidin
is an analogue of avidin, which also shows high affinity to biotin, is frequently used for
immobilization of biotinylated biomolecules on the surface.l’®! Therefore, we use it to verify
whether the surface of NEs is decorated with biotin groups. For this purpose, as illustrated in the
scheme (Fig. 2), the glass surface was first coated with BSA-biotin, followed by a layer of
Neutravidin. With this surface at hand, we compared targeting specificity of biotinylated-NEs with
control NEs without biotin. As showed in Fig. 2a, biotinylated-NEs were clearly visible on the
glass surface by fluorescence microscopy in form of dots. The density of dots and the overall
intensity on the images decreased with dilution of these NEs (Fig. 2a). The concentration
dependence was confirmed by the analysis of the mean fluorescence intensity (Fig. 2d). In case of
control non-modified NEs, fluorescence intensity was minimal for all tested dilutions, suggesting
non-specific interaction for these NEs is negligible (Fig. 2b). Similar low binding of NEs was
found for the Neutravidin surface initially pre-treated (blocked) with excess biotin, and then
incubated with biotinylated-NEs (Fig. 2c). These results clearly show that the biotinylated-NEs
were targeted to the glass surface through biotin-Neutravidin specific interaction, suggesting that
NEs were successfully functionalized with biotin.
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Fig. 2. Fluorescence microscopy of glass surface coated with BSA-biotin and Neutravidin and then
incubated with NEs at three dilutions from the original formulation: 30000, 100000 and 300000-
fold. Three conditions were tested: (a) Biotinylated-NEs; (b) Non-functionalized NEs; (c)
Biotinylated-NEs with surface pre-treated with biotin competitor.

In order to assess the efficiency of the bio-conjugation of biotinylated-NEs with Cy5-streptavidin
(analogue of Neutravidin), we chose to use electrophoresis gels revealed by fluorescence. To this
endeavor, we used a fluorescently labeled streptavidin (Cy5-streptavidin), whereas the prepared
biotinylated-NEs were loaded, at 750 times dilution, with a highly hydrophobic green emitting
fluorophore, namely Dil-TPB (Fig. 2). The two complementary fluorophores using distinct green
and red fluorescence channels allowed us to monitor both NEs and Cy5-streptavidin independently.
The dye-loaded biotinylated-NEs were formulated as mentioned before, briefly, by in situ reaction
of NPC-Chol inside dye-loaded NEs with biotin-PEG-Lys, and further purification by dialysis.
With the pure dye-loaded biotinylated-NEs at hands, several experiments with appropriate controls
were performed and analyzed by electrophoresis revealed by fluorescence (Fig. 3). First, we
observed that streptavidin alone appeared as a red smearing spot (well 1). When non-biotinylated-
NEs were mixed with Cy5-streptavidin (well 3), the red moving band was still observed, while the

143



Results and Discussions

green spot of NEs remains immobilize at the starting point, probably because these NEs are not
charged. In the case of Cy5-streptavidin was mixed with the biotinylated-NEs (well 2), the green
spot representing NEs disappeared, showing new moving band of yellow color, probably
corresponding to NEs coated with Cy5-streptavidin. The excess of Cy5-streptavidin was also
observed as for Cyb-streptavidin alone. The effect of the presence of free biotin (competitor) on
the migration of the biotinylated-NEs was also investigated (well 4). The result showed that when
the binding sites of streptavidin are occupied by free biotin, the biotinylated-NEs did not migrate,
thus proving that the interaction of NEs with Cy5-streptavidin observed in well 2 is biotin-specific.
Controls were also conducted to study the migration of biotinylated or non-biotinylated-NEs (well
5 and 6) without streptavidin, or biotinylated-NEs in the presence of excess biotin (well 7). As
expected, NEs did not show migration on the gel in all these three cases.

a b C

1234567123456 17)1234567

Fig. 3. Electrophoresis profile of biotinylated-NEs mixed with Cy5-streptavidin and its controls.
(a) Cyanine 3 channel for imaging Dil-TPB loaded NEs; (b) Cyanine 5 channel for imaging Cy5-
streptavidin; (c) Merged channel of (a) and (b). Content of the wells is: (1) Cy5-streptavidin, (2)
Cyb-streptavidin + biotinylated-NEs, (3) Cy5-streptavidin + control NEs, (4) Cy5-streptavidin +
biotin + biotinylated-NEs, (5) biotinylated-NEs (6) Control NEs, (7) biotinylated-NEs + biotin.

Size exclusion chromatography for purification of functionalized NEs

Our ultimate goal is to modify NEs with antibodies. However, this would require a method a
purification of NEs functionalized with Abs from non-conjugated Abs. For this purpose, we tested
size exclusion chromatography using Sephacryl S300 HR gel, which is specially adapted for
separating relative large macromolecules or globular proteins in the range 10 to 150 KDa. We
started with model experiments to separate non-conjugated Cy5-streptavidin from functionalized
NEs. Dil-TPB loaded NEs with (or without for control) biotin ligand was mixed with Cy5-
streptavidin and further subjected to size exclusion chromatography. Different fractions were
collected and checked by fluorescence spectroscopy and electrophoresis.

According to the emission spectra of initial colored fractions of elution, the relative fluorescence
intensity of Dil and Cy5 firstly followed similar decline tendency in the first three tubes (Fig. S4c).
This confirms that a Dil loaded NEs functionalized with Cy5-streptavidin was first eluted. Then,
the fluorescence intensity of Dil from NEs continued to decline, while the fluorescence intensity
of Cy5 from streptavidin-Cy5 increased. This second part resulted from free Cy5-streptavidin
having a longer retention time. Excess of Cy5-streptavidin, eventually, came out as the final
fractions. Gel electrophoresis confirmed these observations conclusions (Fig. 4a) with a good co-
localization of functional NEs and Cy5-streptavidin (yellow in merged image) that was observed
in the first tubes, with progressive decline of both signals. In contract, Cy5-streptavidin showed
significant increase reaching maximal values in the fraction 5, where no sign of NEs was observed.
In case of control NEs (Fig. 4b), no co-localization band was observed, with green fluorescence
from NEs observed at the early fractions and red fluorescence of Cy5-strepdavidin in the final
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fractions. The electrophoresis data confirmed successful separation of NEs grafted with Cy5-
strepdavidin using size-exclusion chromatography.
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e
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Fig. 4. Electrophoresis profile of elution fractions collected from size exclusion chromatography
of biotinylated-NEs (a) and control NEs (b). Green is Dil channel; red is Cy5 channel.

Determination of biotin to antibody ratio

To eventually bind antibody through the biotin NEs-Neutravidin-biotinylated antibody sandwich
structure to the NEs surface, biotinylated antibody was first prepared. For this purpose, biotin was
conjugated with cetuximab using EDC-chemistry. The conjugate was further purified by
ultrafiltration using 50 kDa filter in order to remove low-molecular weight reagents. Then, excess
of Cy5-streptavidin was coupled with the biotinylated Abs, assuming that each Cy5-streptavidin
molecule could conjugate with one biotin. Then, the ratio of biotin to antibody could be calculated
through absorbance from Cy5 and proteins (Fig. S5). To perform these measurements, excess of
non-reacted Cy5-streptavidin was removed by ultrafiltration using 100 kDa filter. According to
our estimation (calculation in supporting information), the obtained the ratio of Cy5-streptavidin
to cetuximab of 2.8, which should also correspond to biotin to antibody ratio.

Confocal microscopy imaging of NEs-Abs conjugate for targeting SKBr3 cells

To evaluate specific targeting capacity of NEs conjugated with cetuximab, we performed
fluorescence microscopy experiments on SKBr3 cell line, which is known to overexpress EGFR.
For this purpose, we first performed a sequential labelling method, where the cell were step by
step treated with biotinylated cetuximab, Neutravidin, and finally biotinylated-NEs, with
washing after each step. To colocalize NEs with the membrane surface, plasma membrane
marker WGA-Alexa488 was used. According to Fig. S6a, strong red fluorescence from
cetuximab-NEs was observed, which colocalized well with green membrane marker WGA-
Alexa488. The 3D image reconstruction of the confocal image stacks confirmed the presence of
NEs on the cell surface (Vedio S1). Importantly, in case of non-functionalized NEs and
biotinylated-NEs in the presence of excess of biotin competitor, the red signal at the cell surface
was negligible, indicating relatively low non-specific interactions of NEs with cells. These
results indicate that cetuximab-NEs were successfully targeted to the membrane of SKBr3 cells
through cetuximab using a biotin-Neutravidin coupling strategy.

We also explored a possibility to prepare NEs with grafted antibody by purification with size
exclusion chromatography, validated before with Cy5-streptavidin. Cell experiments was
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conducted to test the efficacy of purified NEs with antibody surface (loaded with 1 wt.% of DiD-
TPB). In this case, the nucleus of cells was stained with Hoechst 33342 (20 uM in Opti-Mem).
Then, cells were directly incubated with purified cetuximab-NEs conjugate (loaded with 1% DiD
TPB) or biotinylated-NEs (1% DiD) as a control. The incubation was conducted on ice for 3 hours
to prevent internalization and then, before imaging, cell membrane was stained with WGA (5
pg/mL) over 5 min.

Fig. 5. Confocal microscopy of purified NEs functionalized With (or without for control)
cetuximab targeting SKBr3 cells. (a) Purified cetuximab-NEs group (100 times diluted); (b)
Purified biotinylated-NEs group (100 times diluted).

According to the confocal microscopy, cetuximab-NEs gave red fluorescence at the cell surface,
which was co-localized well with green fluorescence from membrane marker by WGA-Alexa488
(Fig. 6a). The control biotinylated-NEs without Abs showed negligible signal, indicated low non-
specific off-target binding of NE to the cell surface (Fig. 6b). These results suggested that the
purified cetuximab-NEs targets SKBr3 cell membrane through antigen-antibody specific
interaction.

Conclusions

Functionalization of lipid NEs with biomolecules for specific targeting remains a challenge. Here,
we developed an original strategy to graft antibodies on the surface of NEs, using in situ green
chemistry approach and biodegradable linkers. For this purpose, we synthesized a reactive
derivative of cholesterol, cholesteryl (4-nitrophenol) carbonate (NPC-Chol), can be readily
encapsulated in the oil core of NEs and react in situ with amines. We also designed biotin-PEG-
Lys linker with two amino groups of lysine at one end for in situ reaction with NPC-Chol to be
covalently grafted to two highly lipophilic cholesterol units, ensuring its strong anchorage in the
nanodroplet. On the other end of the linker, long hydrophilic PEGes is expected to expose biotin
moiety at NEs surface for further grafting antibody using biotin-streptavidin coupling. In this work
we formulated lipid NEs size ranging from 100 nm to 130 nm. In a first time, the in situ reaction
between amine and NPC-Chol was proved with ethanolamine, with identifying the conjugate
formed Chol-ethanolamine. Then NEs were modified with biotin using biotin-PEG-Lys, which
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according to the production of the nitrophenol, reacted with 40 % of encapsulated NPC-Chol.
Fluorescence microscopy showed that the biotinylated-NEs could be targeted to the Neutravidin
modified glass surface in contrast to non-modified NEs, a resulted confirmed by gel
electrophoresis analysis. Then, the obtained biotinylated-NEs loaded with fluorescent dyes were
used to target EGFR on the surface of SKBr3 cells according to a sequential protocol using
biotinylated antibody cetuximab, streptavidin and biotinylated-NEs. These in vitro results
achieved to confirm the efficiency of approach worked out in this study, showing the specificity
of the active targeting of NEs droplets into cells. This approach turned to give highly efficient
labelling of cell surface in a receptor specific manner. We also explored a possibility to purify NEs
conjugates with grafted antibody using size exclusion chromatography. In model experiments, we
found efficient separation of Cy5-streptavidin-biotinylated-NEs conjugate from excess of Cyb-
streptavidin. We used the same method to purify cetuximab-NEs from excess cetuximab and
Neutravidin. Confocal microscopy indicated that purified NEs are still capable to target on SKBr3
cell membrane, in contrast to control NEs without antibody. In the next steps, we plan application
of these NEs for in vivo targeting of cancer cells. Functionalization of NEs allowed combining the
high encapsulation properties with the surface modification necessary for designing targeted drug
delivery systems. These tunable functionalized NEs systems provide a platform for conjugation of
different targeting ligands and encapsulation of a large variety of contrast agents and drugs and
thus can be used for imaging, therapeutic and targeted drug delivery applications.
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Conjugation of Abs with biotin Experiment General Remarks

Conjugation experiments were carried out in the Eppendorf, DNA low-binding tube 1.5 mL at
atmospheric pressure at room temperature unless otherwise stated. All buffer solutions were
prepared with deionised water and filter-sterilised prior to use. Borate buffer was prepared from
25 mM sodium tetraborate, 25 mM NaCl, and 1 mM EDTA at pH 8.1 or 8.4. Phosphate-buffer
saline (PBS) was 140 mM NaCl and 12 mM sodium phosphate at pH 7.4. Sodium azide 0.5% (w/v)
was prepared by dissolving 5 mg of sodium azide in 1 mL of water. Ultrapure DMF (analytical
reagent grade) was purchased from Fischer Chemical. Solutions of tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) 10 mM (2.87 g/mL) were prepared in borate buffer. pH 8.5 phosphate buffer
was prepared by dissolving 3.5 g of dipotassium hydrogen phosphate and 4.5 g of sodium chloride
in 500 mL of water. pH was adjusted with diluted phosphoric acid. Ultrafiltration was carried out
in vivaspin 500 polyethersulfone (PES) membrane concentrator with a molecular weight cut-off
(MWCO) of 50 kDa. Centrifugation was carried out on an Eppendorf mini spin operating at 12.000
rpm at room temperature.

cetuximab is a chimeric 1gG1 full length antibody directed against EGFR overexpresses in SKBr3
cells. The antibody was obtained from ERBITUX as 5 mg/mL solution (ERBITUX). The buffer
exchange of antibody was carried for borate buffer pH 8.1 via ultrafiltration (MWCO 50 kDa,
vivaspin). Concentration of antibody was determined by UV-vis absorbance (e2s0= 210.000 M
cm for cetuximab mAb), adjusted to 33 uM (5.0 mg/mL) and stored as aliquots at 4 °C.

Conjugation of cetuximab with biotin-NHS ester

The antibody-biotin conjugate was prepared through a modification of a reported protocol®
cetuximab (32 uM, 500 pL) was prepared in the sodium carbonate buffer pH 8.4. Next, biotin-
NHS ester was prepared in DMSO (100 mM, 5 pL) and added to the cetuximab. The reaction was
incubated at 240C overnight, rotating at 240 rpm. Afterwards, excess reagent was removed by
ultrafiltration (50 kDa MWCQO) with PBS to afford the modified antibody-biotin in PBS.
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Afterward, sodium azide 0.5% (w/v) was added to make the final concentration of 0.05% (w/v)
for conservation; this agent was removed by ultrafiltration (50 KDa) before each use.

Conjugation of cetuximab-biotin with streptavidin-Cy5

Firstly, absorbance of Cy5-strepavidin (17 uM, 35 pL, 0.60 nmol) in PBS buffer (1 mL) was tested.
Then, the cetuximab-biotin (33 uM, 40 pL, 0.132 nmol) in PBS buffer (20 mM, pH 7.4) was added
Cyb-strepavidin (17 uM, 35 pL, 0.60 nmol) in PBS buffer (1 mL). The reaction was incubated at
24 0C in a shaker at 450 rpm for 2 h. Afterwards, excess reagent was removed by ultrafiltration
(100 kba MWCO) with PBS. Absorbance was measured before and after the process of
ultrafiltration.

Determination of fluorophore to antibody ratio (FAR)

UV-vis spectra measurements were recorded on a Cary 4000 Scan UV-visible spectrophotometer
(\Varian) operating at room temperature. Sample buffer was used as blank for baseline correction.
Calculation of Cy5, antibody ratio (FAR) follows the formula presented below with ecetuximab =
210,000 M cm™ for cetuximab, £65%= 250,000 M cm™ for Cyanine-5 and 0.03 as a correction
factor (cfago) of the dye absorption at 280 nm. According to the absorbance spectra of Cy5-
streptavidin, Abs657=0.57, Abs280=0.34. Based on the equation Absss7=n*Cstrep*€cys Number of
Cyb per streptavidin was calculated as 3.9. The absorbance of streptavidin at 280 nm was corrected
to 0.32 using the equation Absgostrep=Abs280-Absss7*Cf2g0. According to the equation Absagostrep =
Cstrep™€strep, the extinction coefficient of streptavidin (eswep) Was calculated as 550 000 M*cm™,
After filtration, according to the equation Abses7=3.9*Cstrep™ecys, the concentration of streptavidin
was calculated to be 238 nM. Then, according to the equation of Abs2gostrep+Abs2gocetuximan=ADs280-
Abses7*Cfag0, Absogostrep = Cstrep™€strep aNA  ADs2g0cetuximab = Cstrep™ €cetuximab.  1he concentration of
cetuximab was calculated as 92.1 nM, slightly decreased from the original 100 nM, this is probably
due to slight precipitation during the ultrafiltration process. FAR=Cstrep/Ccetuximab=2.8.

General protocol for nanoemulsions (NEs) formation

NEs were produced by spontaneous nanoemulsification: the cargo (3 mg NPC-NPC-Chol, 1 eq
and certain percentage of dyes, 1 wt.% of Cy5.5-TPB, 1 wt.% of DiD-TPB or 1 wt.% of Dil-TPB
with respect to oil in cases of dye loaded NEs) were dissolved in Vitamin E acetate (50 mg) and
placed in sonication bath at 40 °C for 10 min. Then, the surfactant Kolliphor ELP® was added (50
mg), and the mixture was homogenized under magnetic stirring (400 rpm) under 40 °C for 10 min
to complete homogenization. Finally, NEs were generated by addition of 40 °C ultrapure (Milli-
Q) water (230 pL) on a heat-shaker (1400 rpm, 40 °C).

In situ reaction of NPC-CholNPC-Chol loaded NEs with an amine

To 100 pL of NPC-Chol loaded (6 wt.%) NEs, 5 puL ethanolamine was added (or not for control),
followed by addition of pH 8.5 phosphate buffer (0.2 M) to final volume of 500 uL. Reaction was
conducted in a heat-shaker vortexed at speed of 500 rpm over 6 h under 40 °C. Absorption spectra
of 100 times diluted NEs solution was checked for the sample and the control. After the reaction,
the resulting mixture was dialyzed (membrane cut off size of 14 KDa) in Milli-Q water for 24
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hours with changing of medium every 8 hours. After this process, the solution was extracted by
500 uL DCM by centrifugation. Organic phase was examined by mass spectrometry.

Preparation of NEs functionalized with biotin (Biotin-NEs)

In situ reaction of 330 mg of NEs (containing NPC-Chol at 6 wt.%) with (or without for control)
50 mg biotin-Peg-lysine was conducted by mixing them to final volume of 1 mL by pH 8.5 buffer
and vortexing at speed of 500 rpm over 24 hours under 40 °C. After reaction, 10 pL ethanolamine
was added. The mixture was incubated further for 4 hours to consume the excess NPC-Chol.
Absorption spectras were checked after reaction and after adding ethanolamine in order to
calculate the reaction ratio. Control NEs were prepared by mixing NPC-Chol (6 %) loaded NEs
with excess of ethanolamine (40 mM) to final volume of 1 mL of pH 8.5 buffer and further
measured the absorbance. Dialysis using membrane (Mw 14 KDa) in Milli-Q water was conducted
in the end, to remove the reagents and the side product nitrolphenol.

Biotin-NEs immobilization protocol

8 well LabTek® chambers were washed 3 times with PBS and incubated with 200 uL. BSA-Biotin
(0.5 mg/mL) for 5 min. Then, BSA-Biotin was removed, the chambers were washed 3 times with
PBS and replaced by 200 pL of 30000, 100000 and 300000 times diluted Biotin-NEs and control
of the original NEs (particle concentration of 300 nM). Then, the NEs were incubated in darkness
at room temperature for 30 min. For biotin competition experiment, 200 pL of biotin (0.5 mg/mL)
were added and incubated for 30 min and washed with PBS 3 times before adding 200 pL of
Biotin-NEs and further incubated for 30 min. All samples were washed with Mili-Q water 2 times
with PBS before final measurement.

Electrophoresis

The electrophoresis was performed on 0.5% agarose gel in trisacetate EDTA (TAE). 12 uL of each
solution was added into the wells and subjected to electrophoresis for 30-60 min at 125 V in
darkness. The gels were analyzed with a gel imager (LAS 4000) using two different channels.
Cyb-Streptavidin was monitored by excitation at 630 nm and with an emission filter at 670 nm,
FWHM 10 nm. Dil-TPB loaded NEs were monitored by excitation at 540 nm and using a bandpass
emission filter at 570 nm. The exposure time for each picture was set at 10 sec. The images were
processed and analyzed by using ImageJ software. To perform gel electrophoresis, the following
solutions were prepared: (1) Cy5-streptavidin (9 uM); (2) Biotinylated-NEs + Cy5-streptavidin (9
HM); (3) Control NEs (750 times diluted) + Cy5-streptavidin (9 uM); (4) biotinylated-NEs + free
biotin (200 mM)+Cy5-Streptavidin (9 uM); (5) Biotinylated-NEs (750 times diluted, max biotin
concentration of 8 uM); (6) Control NEs (NPC-Chol containing NEs neutralized by ethanolamine,
750 times diluted); and (7) biotinylated-NEs (maximum biotin concentration of 8 mM) + free
biotin (200 mM) .

Preparation of NEs functionalized with antibody

DiD-TPB (1% in oil) loaded biotinylated-NEs were mixed with Neutravidin (67 uM, 2 eq by
volume) and incubated in room temperature for 3 h. Then, biotinylated cetuximab (33 uM, 2 eq
by volume) was added to the mixture and incubated in room temperature for 5 h. Then, the sample
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was subjected to size exclusion chromatography. Sephacryl S-300 High Resolution resin (in
ethanol) was used for the size exclusion purification of NEs functionalized with an antibody.
Column loading was performed as listed in the instruction of the provider. Briefly, the resin was
filled in 1.5 cm diameter (30 cm) column, then, ethanol as preserving agent of the gel was removed
by pH 7.4 PBS buffer at speed of 150 cm/h for 3 column volumes. Then, the tap of the column
was closed and placed still overnight. Finally, 100 puL of sample was loaded to the column and
eluted at speed of 150 cm/h, fractions were collected by Fraction Collector Frac-920 (2
mL/fraction).

Evaluation of size exclusion for the purification of functional NEs

Conjugation of biotinylated-NEs loaded by Dil-TPB (1%) with Cy5-streptavidin (5 eq by volume,
17 uM) was conducted in room temperature for 5 h. In the control NEs, biotinylated-NEs were
substituted by the same volume of neutralized and dialyzed NEs (loaded with 1 wt.% Dil-TPB and
6 wt.% NPC-Chol (with respect to oil), neutralized by excess of ethanolamine and dialyzed with
membrane cut off size of 14 KDa). The two samples were subjected to size exclusion
chromatography (see above), then, several fractions were checked by fluorescence spectroscopy
(at Cy3 channel and Cy5 channel, respectively) and gel electrophoresis. For Cy3 channel,
excitation was conducted under wavelength of 520 nm, emission was collected in the wavelength
range of 550-750 nm, while for Cy5 channel, excitation was conducted under wavelength of 620
nm, emission was collected in the wavelength range of 650-750 nm.

Dynamic light scattering

The hydrodynamic diameters and polydispersity index (PDI) of the NEs were measured, in
triplicate, by dynamic light scattering (DLS) along with zeta potential measurement using a
Malvern Nano ZS instrument (Malvern Instruments, Orsay, France), equipped with a helium-neon
laser (4 mW) operating at 633 nm, with a scatter angle of 173° and the temperature maintained at
25 °C.

Cell experiments

SKBr3 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco-Invitrogen),
supplemented with penicillin (100 U/mL), 1% glycan (100 U/mL) and 10 % FBS at 37 °C in a
humidified atmosphere containing 5% CO2. 4000 cells per well of cells was later split on 8 well
LabTec with coverlid and incubated over 2 days for imaging experiments. The first experiment
was conducted in the following order to observe the capability of Biotinylated-NEs to attach on
cell surface with Neutravidin surface. Before the experiment, cell nucleus was stained with
Hoechst 33342 (20 uM in Opti-Mem). For the sequential protocol, firstly, cells were incubated
with (or without for controls) biotinylated antibody (60 pM in Opti-Mem) for 30 min, then washed
with PBS to remove excess of biotinylated antibody. After this, the medium was changed (or not
for biotin NEs control) to Neutravidin (80 pM in Opti-Mem) and further incubated for 30 min and
washed with PBS to remove excess Neutravidin. Finally, cells were incubated with 100 times
diluted biotinylated NEs (with 1 wt.% of DiD-TPB) and incubated on ice for 1 hour. For purified
NEs functionalized with antibody, cells were incubated with 100 times diluted NEs functionalized
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with (or without for control) antibody. Before imaging, cell membrane was stained with WGA (5
pg/mL) over 5 min.

Synthesis
Compound 1
o DiPEA NH o
HZN/\/O"\/\O«];\/NHB }/ \/\)I\ oH TTATU E}é‘\\\\\/\)]\”/\/o‘[\/\ot\/NHBoc
H S

L FE;@H‘\\\\\/\)]\” /\/o{\/\ot\/NHz

To a solution of PEG3000 amine (100 mg, 0.033 mmol) and biotin (24 mg, 0.1 mmol) in DMF,
HATU (30 mg, 0.079 mmol) and TEA (60 pL) were added. The reaction mixture was stirred under
40 °C overnight. The resulting solution was then concentrated in vacuum and purified by dialysis
in water (dialysis membrane molecular cut off weight: 2000 Da). After dialysis, 110 mg product
in the form of light yellow liquid was obtained after evaporation. The resulting compound was
vigorously stirred in 20% TFA/DCM solution for 3 h. The reaction solution was then concentrated
and dried in vacuum to afford compound 2 (93 mg) as light-yellow lipid.

IH NMR (400 MHz, MeOD) & 4.52-4.49 (q, 1H), 4.33-4.30 (q, 1H), 3.83-3.35 (m, ~286H), 3.24-
3.19 (m, 3H), 2.96-2.91 (g, 1H), 2.73-2.70 (d, 1H), 2.24-2.20 (t, 2H), 1.79-1.56 (M, 4H), 1.55-1.44
(t, 2H).
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To a solution of compound 1 (50 mg, 0.016 mmol) and Boc-lysine-OH (12 mg, 0.05 mmol) in
DMF, HATU (15 mg, 0.04 mmol) and triethylamine (30 puL) were added. The reaction mixture
was stirred under 40 °C overnight. The resulting solution was then concentrated in vacuum and
purified by dialysis in water (dialysis membrane molecular cut off weight: 2000 Da). After
dialysis, 53 mg product in the form of colorless lipid was obtained after evaporation.

'H NMR (400 MHz, MeOD) § 4.51-4.47 (g, 1H), 4.33-4.30 (g, 1H), 4.01-3.95 (m, 1H), 3.83-3.34
(m, ~286 H), 3.26-3.21 (d, 2H), 3.04-3.01 (t, 3H), 2.96-2.91 (q, 1H), 2.73-2.70 (d, 1H), 2.24-2.20
(t, 2H), 1.79-1.55 (m, 8H), 1.49-1.39 (m, 22H).
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Compound 2 (53 mg) was vigorously stirred in 1 mL 20% TFA/DCM solution for 3 h. The
reaction solution was then concentrated and dried in vacuum to afford compound 4 (46 mg) as
light yellow lipid.

'H NMR (400 MHz, MeOD) & 4.54-4.94 (d, 1H), 4.35-4.32 (d, 1H), 4.50-3.97 (t, 1H), 3.75 —
3.41 (m, ~200 H), 3.24-3.21 (m, 1H), 3.15-3.05 (t, 2H), 2.97-2.93 (dd, 1H), 2.75-2.72 (d, 1H),
2.27-2.23 (t, 2H), 1.94-1.92 (q, 2H), 1.91-1.60 (m, 6H), 1.59-1.45 (q, 2H), 1.39-1.37 (m, 2H).
C144H286N6066 (3187.92) Mass detected: 1617.70 and 1086.09 (calc.: (M+2Na+)/2=1616.96 and
(M+3Na")/3= 1085.64).
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Fig. S1. Absorbance spectra after NPC-Chol containing NEs reacted with (or without for
control) ethanolamine for 6 h. NEs were loaded with NPF-Chol to 6 wt.% concentration (to oil)
and diluted 5-fold. Concentration of ethanolamine 160 mM. pH 8.5 phosphate buffer (0.2 M)
buffer was used for the reaction.
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Fig. S2. (a) Scheme of in situ reaction of NPF-Chol with ethanolamine in NEs. (b) Mass spectra
of organic phase of extraction mixture from the in situ reaction.
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Fig. S3. Absorbance spectra of NPC-CholINEs loaded with NPF-Chol incubated (or without for
control) with biotin-PEG-Lysine (15 mM) for 24 h at 40 °Cand NPC-Chol quenched by excess
ethanolamine (160 mM), over 4 h.
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Fig. S5. Absorption spectra of (a) Cy5-streptavidin; (b) Cy5-streptavidin (600 nM) conjugated

with biotinylated cetuximab (132 nM) before and after ultrafiltration for calculation biotinylation
degree for cetuximab.
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Fig. S6. Testing of feasibility of targeting NEs to cell membrane by biotin-Neutravidin-
biotinylated antibody sandwich structure by separating steps adding and washing. (a)
Conjugation group, SKBr3 cells were separately added with 60 pM biotinylated antibody over 30
min, 80 pM Neutravidin over 30 min and biotinylated NEs (100 times dilution) over 1 h on ice,
each step was washed after incubation; (b) Control without antibody, cells were firstly incubated
with 80 pM Neutravidin over 30 min, washed and further incubated with biotinylated NEs (100
times dilution) over 1h on ice and washed; (c) Control without antibody or Neutravidin, SKBr3
cells incubated directly with biotinylated NEs (100 times dilution), incubated over 1 h on ice and
washed.

Table S1. Size of NEs measured by DLS.

NEs types Z-average size (nm) Polydispersity (PDI)
DiO-TPB and NPC-Chol NEs 106 0.121
DiO-TPB NEs 99 0.170
NPC-Chol NEs 100 0.129
Biotinylated NEs 99 0.185
Empty NEs 109 0.161
Biotinylated Dil-TPB NEs 92 0.214
Antibody DiD-TPB NEs 100 0.213
Biotinylated Cy5.5-TPB NEs 125 0.057
Cy5.5-TPB NEs 112 0.207
References

[1] S.-Y. Mao, Methods Mol. Biol. 2010, 588, 49.
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2.4- Dynamic covalent chemistry in live cells for
organelle targeting and enhanced photodynamic action
(Article 4)

Based on the results described in the previous chapters, we concluded that dynamic covalent
chemistry could enable formation of molecular conjugates in situ within lipid NEs. Therefore, we
considered that similar reactions could be done in the biological lipid structures of cell organelles.
Organelle-specific targeting in live cells is an emerging field of bioimaging and drug delivery
[30:31 Targeting photosensitizers (PS) to cell organelles, especially mitochondria and plasma
membranes could improve the efficacy and precision of photodynamic therapy (PDT) 62331 |
this study, the aim is to design, using dynamic covalent chemistry, a method to target a biologically
active molecule (photodynamic agent or drug) to different subcellular organisms in situ and then
to check the biological effect (for example, photodynamic action) caused by this specific
intracellular localization.

Inspired by the in situ reaction of ketones and a hydrazide LipoHD described in the first project,
we supposed that this dynamic covalent bonding is not limited to NEs, but it is also possible in
cells. The concept of this project was to design hydrazide-containing targeting moieties, which
could target different subcellular organelles. Then, ketone molecules, such as NRK or doxorubicin,
are expected to form dynamic hydrazone bonds with the hydrazide-ligands in situ within the
targeted organelles (plasma membranes, lipid droplets or mitochondria) (Figure 2.7).
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Figure 2.7. The concept of dynamic covalent targeting and chemical structures of the targeting
moieties and targeted dye and drug.

We designed three hydrazide bearing ligands, namely, PM-HZ, LD-HZ and Mito-HZ, for the
targeting of plasma membrane, lipid droplet and mitochondria, respectively (Figure 2.7).

Firstly, in order to study the feasibility of the in situ reaction, inspired by previous projects, we
designed a model in situ reaction system by using several NPs to mimic organelles: large
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unilamellar vesicles (LUVS) to mimic plasma membrane and mitochondria membrane and NEs to
mimic lipid droplets. After the in situ reaction, we identified the mass of formed conjugates from
the EtOAC extraction. With the help of thin layer chromatography and absorption spectroscopy,
we examined the yields of these in situ reactions by measuring the absorbance of isolated NRK
and the NRK conjugates with different targeting moieties. Then, in order to test the organelle
targeting capability of our approach, we performed cellular imaging experiments. We found that
NRK together with the targeting ligands was colocalized with corresponding organelle markers:
F2N12SM, SMCy5.5, and MitoTracker Deep Red for the plasma membranes, lipid droplets, and
mitochondria, respectively. Afterward, the stability of the hydrazone bond was tested in conditions
of low pH and long incubation in the plasma membrane targeting group. We found that, with the
application of washing, low pH, or long incubation, the equilibrium of the dynamic covalent
reaction shifted towards the degradation of the hydrazone bond, thus leading to lower targeting
specificity. This result showed dynamic nature of this targeting approach. Finally, we found that
targeting NRK to plasma membrane and mitochondria resulted in stronger phototoxicity, as
evidenced by CellTox™ Green assay (Figure 2.8). Thus, we established a new method of specific
targeting of organelles based on dynamic covalent chemistry and showed that targeting the same
molecule to different subcellular structures can tune its biological activity. These results will help
to design new generation of targeting systems for precision medicine, where the drug effect could
be improved because of its more precise localization in the cells.

o

1001 _ I Membrane
[ Mitochondria
Bl Lipid droplets
[ Control

Fraction of dead cells (%)
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Figure 2.8. Phototoxicity of targeted NRK dye evaluated by CellTox™ Green assay. Transmission
(left panels) and CellTox™ Green fluorescence (right panels) of cells pretreated with (a) PM-HZ,
(b) Mito-HZ, and (c) LD-HZ at and (d) control. Areas labeled as “+” were illuminated under a
microscope for 1 min at 550 nm, while “-*“ areas were not illuminated. Images were taken after
incubation for 30 min with CellTox™ Green assay. (€) Phototoxicity analysis by using Hoechst-
CellTox™ Green assay-staining.
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Organelle-specific targeting enables increasing the therapeutic index of drugs and localizing probes for
better visualization of cellular processes. Current targeting strategies require conjugation of a molecule
of interest with organelle-targeting ligands. Here, we propose a concept of dynamic covalent targeting
of organelles where the molecule is conjugated with its ligand directly inside live cells through a dynamic
covalent bond. For this purpose, we prepared a series of organelle-targeting ligands with a hydrazide
residue for reacting with dyes and drugs bearing a ketone group. We show that dynamic hydrazone
bond can be formed between these hydrazide ligands and a ketone-functionalized Nile Red dye (NRK) in
situ in model lipid membranes or nanoemulsion droplets. Fluorescence imaging in live cells reveals that
the targeting hydrazide ligands can induce preferential localization of NRK dye and an anti-cancer drug
doxorubicin in plasma membranes, mitochondria and lipid droplets. Thus, with help of the dynamic
covalent targeting, it becomes possible to direct a given bioactive molecule to any desired organelle
inside the cell without its initial functionalization by the targeting ligand. Localizing the same NRK dye in
different organelles by the hydrazide ligands is found to affect drastically its photodynamic activity, with
the most pronounced phototoxic effects in mitochondria and plasma membranes. The capacity of this
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DO 101059/d1sc04770a approach to tune biological activity of molecules can improve efficacy of drugs and help to understand

rsc.li/chemical-science better their intracellular mechanisms.

To address a specific organelle, the molecules of interest are
usually conjugated with targeting units,>'* well established for
plasma membrane,* lysosomes,*” mitochondria,*®*** and endo-

Introduction

Organelle-specific targeting in live cells is an emerging field of

bioimaging and drug delivery."” Targeting therapeutic mole-
cules to desired intracellular areas can improve their efficacy
and help to understand mechanisms of their action.*** On the
other hand, targeting fluorescent probes to specific organelles is
useful for monitoring and tracking of behavior and functions of
different organelles in normal and stress conditions.>>***
Previous studies showed that photosensitizers (PS) targeted to
cell organelles, especially mitochondria and plasma
membranes could improve the efficacy and precision of
photodynamic therapy (PDT)."*>* This remarkable effect origi-
nates from the short half-life of singlet oxygen (*0,) (~40 ns),
generated locally by PS after light excitation, which could only
diffuse within the limited distance from PS (~20 nm).»-

Laboratoire de Bioimagerie et Pathologies, UMR 7021 CNRS, ITI Chimie des Systéemes
Complexes, Université de Strasbourg, 74 Route du Rhin, 67401, Illkirch, France.
E-mail: andrey.klymchenko@unistra. fr

T Electronic supplementary information (ESI) available: Materials and methods.
Synthesis and characterization of the targeting hydrazides. Spectroscopy data in
LUVs. Colocalization microscopy for plasma membrane, mitochondria and LDs
targeting and phototoxicity studies. See DOI: 10.1039/d1sc04770a
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plasmic reticulum (ER).** However, chemical modification may
alter the properties of the molecule, which presents an impor-
tant limitation of the method. Alternatively, specific targeting of
cell compartments could be achieved using bioorthogonal
chemistry,**** where a molecule of interest can react in cells
with a target molecule (e.g. sugars or lipids), usually using
highly efficient “click” reactions.**** Moreover, target proteins
fused with protein tags, such as the SNAP-tag,*® CLIP-tag®” and
HaloTag®® can react with corresponding chemical ligands,
which allows targeting of small (dye) molecules to specific
organelles and imaging their local properties.*>** However,
these approaches exploit essentially irreversible reactions, so
that the molecule localized within a target organelle is chemi-
cally modified. Is it possible to target the same molecule to
different specific cell compartments while preserving its native
chemical structure before and after this targeting processes?
One could consider dynamic covalent chemistry to localize
a molecule by an in situ reaction with targeting ligand localized
in a given cell compartment. In this case, even after targeting to
the site (organelle) of interest, reversible processes will ensure
presence of unmodified species. Dynamic covalent chemistry is
a powerful approach to generate and break covalent bonds

Chem. Sci.
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(including imine, hydrazone, disulfide, etc.) under control of
environment.** Nature uses dynamic covalent bonds (disul-
fide) to maintain the tertiary structure of proteins, while
chemists use them for bioconjugation®* and to generate
responsive, self-healing and adaptive materials.**** Dynamic
covalent chemistry has been also applied for a controlled drug
release® and intracellular delivery.*®** In the previous works
dynamic imine bonds enabled targeting amino-lipid at the cell
surface, which was used for detection of bacteria®? or targeting
specific proteins with aldehyde derivatives of dyes.>* However,
dynamic covalent chemistry has not been explored to date for
localizing molecules in cellular organelles. For this purpose,
hydrazone bonds are particularly attractive because of their
relatively high stability and applicability for bioconjugation,*
drug and gene delivery.*** Our recent study showed that
hydrazone bond could help nanoemulsions to uptake and
release free ketones in the environment, like a “drug sponge”.*®
We hypothesized that in situ formation of hydrazone dynamic
bonds could be a driving force for localizing molecules in cell
compartments, which could enable tuning their biological
activity.

In the present study, we introduce a concept of “dynamic
covalent targeting” of organelles based on reversible hydrazone
bond formation between a molecule of interest (a dye or a drug
bearing a ketone moiety) and a ligand localized in specific
subcellular compartments, such as plasma membranes, lipid
droplets and mitochondria. We show that dynamic covalent
targeting of the same dye molecule to different organelles can
tune its photodynamic action in cells.

Results and discussion

In our concept of dynamic covalent targeting, a specially
designed targeting ligand, bearing hydrazide reactive group will
be localized in the cell organelle of interest and then form in situ
a dynamic covalent bond with a given molecule bearing
a ketone group. In this case, a ketone molecule, which does not
have any organelle specificity, may redistribute due to the in situ
reaction and thus localize in the targeted organelle (Scheme 1).
In this case, the ketone molecule does not require any pre-
functionalization with the targeting ligand. Then, after in situ
reaction with the target site, dynamic nature of the hydrazone
bond will ensure reversibility of the process, allowing presence
of free ketone molecules (Scheme 1). In order to direct ketone
containing Nile Red dye NRK (Scheme 1) into different cell
organelles, we designed three hydrazide bearing ligands. Tri-
phenylphosphonium was used to achieve mitochondria target-
ing due to its ability to accumulate in mitochondria driven by
their transmembrane potential.>”** To target lipid droplets
(LDs), a hydrazide moiety was functionalized with two octyl
chains in order to favor partitioning of molecules into hydro-
phobic oily core of LDs.*>* For plasma membrane targeting, we
used an anchor group, composed of dodecyl chain and sulfo-
nate, which was recently proposed for designing membrane
probes.?® The targeting groups were conjugated to the hydrazide
using short linkers, based on either succinic acid or butyric acid
(Scheme 1). As ketone molecules, we selected a fluorescent dye
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NRK, composed of Nile Red dye and ketone moiety,* and an
anti-cancer drug doxorubicin.®»*> The Nile Red fluorophore,
owing to the solvatochromic and fluorogenic properties,* is
expected to light up and blue shift its emission after binding to
lipid rich compartments.'>**** Moreover, previous study
showed that NRK stained indiscriminately different lipid
compartments of the cells,”® which is suitable to test our
dynamic targeting concept. On the other hand, doxorubicin was
selected because this common anti-cancer drug is fluorescent
and it originally bears the ketone moiety.

Firstly, the in situ reaction of NRK with plasma membrane
targeting hydrazide (PM-HZ) was verified in model lipid
membranes, large unilamellar vesicles (LUVs) composed of
dioleoylphosphatidylcholine (DOPC, Fig. 1a). In a buffer, NRK
showed expected weak red-shifted fluorescence, whereas in the
presence of LUVs containing PM-HZ, a strong increase in the
fluorescence intensity was observed together with a blue shift
(Fig. 1b). Without the targeting unit (Fig. 1b), NRK showed
much smaller fluorescence enhancement and blue shift, sug-
gesting low affinity of NRK to lipid membranes. Thus, PM-HZ
favors binding of NRK to lipid membranes. To identify the
formation of the hydrazone conjugate, the mixtures of NRK with
LUVs containing PM-HZ were subjected to extraction with
dichloromethane, followed by thin layer chromatography (TLC)
and mass spectrometry analysis. According to the TLC (Fig. 1c),
in the presence of PM-HZ, a new spot with small Ry value
appeared, that could be assigned to a hydrazone conjugate
containing highly polar and charged sulfonate group. The mass
spectrum of this new TLC spot confirmed the presence of the
desired conjugate (Fig. 1d). These results provide an evidence
for the hydrazone formation between PM-HZ and NRK in situ at
the lipid membranes. Chromatographic separation and further
spectrophotometric analysis revealed that the extract from the
reaction mixture in LUVs contained 65 mol% of the conjugate
(Fig. S17), indicating that the reaction equilibrium was shifted
towards hydrazone conjugate. Similar experiments were also
conducted for an in situ reaction of NRK with Mito-HZ in lipid
vesicles, yielding 28 mol% of Mito-HZ hydrazone with NRK,
which was identified by mass spectrometry (Fig. S17). In case of
LD-HZ, we performed an in situ reaction with NRK lipid nano-
emulsions, which are oil-core/surfactant-shell nanostructures
mimicking intracellular lipid droplets.** It was found that the
reaction mixture contained 63 mol% of LD-HZ hydrazone with
NRK, which was also identified by mass spectrometry (Fig. S17).
Thus, all three targeting hydrazide ligands can form hydrazones
with NRK in corresponding lipid environment of membranes
and nanoemulsion droplets. This reaction is probably favored
by local apolar environment and high concertation of the
reactive components in the lipid nanostructures, in line with
the earlier studies on the hydrazone formation in lipid
nanoemulsions.*®

Then, we performed cellular studies in order to evaluate the
capacity of PM-HZ to induce accumulation of NRK in plasma
membranes. First, HeLa cells were incubated with different
concentrations of PM-HZ, followed by NRK addition. Starting
from 5 pM concentration of HZ-PM, a tendency of NRK accu-
mulation in the plasma membranes was already observed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Hydrazide derivatives for dynamic covalent targeting of organelles with Nile Red-ketone (NRK) dye and doxorubicin drug.

(Fig. S2t). This effect was even more obvious at higher outside the cells, HeLa cells were washed after treatment with
concentrations, 20 and 100 uM. In the further experiments, to PM-HZ, and then incubated with NRK followed by confocal
remove the excess PM-HZ that could eventually react with NRK  fluorescence microscopy. The fluorescence imaging using green
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Fig. 1 Studies of in situ reaction of NRK with targeting hydrazide PM-HZ in LUVs composed of DOPC. PM-HZ (50 pM) was pre-incubated for
30 min with LUVs (1 mM), dialyzed to remove excess of PM-HZ and then NRK (15 uM) was added. (a) Scheme of a model reaction of NRK with PM-
HZ in LUVs. (b) Fluorescence spectra of NRK (2 pM) in PBS, blank LUVs (10 uM) and dialyzed LUVs (10 uM) with PM-HZ. Excitation wavelength was
480 nm. (c) TLC result (DCM : MeOH = 95 : 5 as an eluent) of DCM extraction of NRK in blank LUVs and LUVs containing PM-HZ: 1 — control
sample (with blank LUVs), x — cross point, 2 — reaction. (d) Mass identification of red circled point in (c).
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and red channels was done in order to evaluate the sol-
vatochromic response of Nile Red moiety on binding to lipid
structures.'>*®% In the control, NRK showed rather even
distribution throughout the cell interior, in line with the
previous work.”® In contrast, the cells pretreated with PM-HZ
showed significant enhancement of their plasma membrane
fluorescence in both emission channels (Fig. 2 and S37). The
effect was clearly seen on the line profile across the plasma
membrane, showing a sharp pick, which was not observed in
the control cells (Fig. 2c). These observations were confirmed by
colocalization with a membrane probe F2N12SM,* where the
cell contour of the plasma membrane corresponded well to the
signal from NRK in the presence of PM-HZ (Fig. S47). Pearson's
and Mander's correlation coefficient values were higher in the
presence of the membrane targeting hydrazide (0.55 and 0.42,
respectively) compared to control NRK (0.20 and 0.13, respec-
tively) (Table S1f). Moreover, the fluorescence intensity ratio
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from plasma membrane versus whole cell was significantly
higher (2.06) compared to the control (0.88). Thus, hydrazide
PM-HZ favored redistribution the dye ketone towards plasma
membrane. In the merged two-color images, these plasma
membrane structures appeared more greenish compared to
yellow-orange intracellular parts. The color variation was
further confirmed by the line profile (Fig. 2¢), where the peak of
the green channel was higher compared to the red one, being
similar for other cellular compartments. The observed color
change corresponds to lower polarity in the plasma membrane,
which was systematically observed for different solvatochromic
probes.'>67:6%

To verify the dynamic nature of our targeting approach, we
first treated the cells with PM-HZ (20 uM) and NRK and then
washed the cells three times to remove NRK and PM-HZ from
the extracellular medium and replaced it with new medium at
neutral pH (7.4) or low pH (5.8). It was observed that at neutral
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(a) Targeting NRK dye to plasma membrane, lipid droplets and mitochondria by corresponding hydrazide ligands: PM-HZ, LD-HZ and

Mito-HZ. (b) Confocal images at the red channel (600-670 nm, upper panels) and the green channel (550-600 nm, middle panels) for NRK
emission and the merge (lower panels); excitation: 488 nm. (c) Plot profiles for the red and green channels from white arrows indicated inimages.
Targeting agent (100 uM) was pre-incubated with cells for 30 min at 37 °C, followed by washing with PBS and then addition of NRK (1 uM for PM-
HZ, LD-HZ and 2.5 uM for Mito-HZ) in Opti-MEM and incubation for 30 min at 37 °C. In controls, NRK was used directly without the targeting
agent.
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pH after washing, the signal from plasma membranes was still
detectable (especially in the merged two-color images), but it
was lower than before washing (Fig. S57). At low pH, the effect
was even stronger, so that the NRK distribution became the
same as in the control without PM-HZ (Fig. S51). Quantitative
analysis of NRK co-localization with the plasma membrane
marker F2N12SM (average fluorescence intensity ratio of
plasma membrane vs. the whole cell as well as Pearson's and
Mander's coefficients) confirmed the decrease in the localiza-
tion of NRK in plasma membranes in the neutral pH medium
after washing and the co-localization values further decreased
after 1 h incubation (Table S2t). Moreover, the co-localization
parameters were the lowest for the low pH (Table S2+t). In all
control experiments without PM-HZ, the colocalization param-
eters were low for all conditions, as expected (Fig. S51). These
results indicate that the targeting of NRK to plasma membranes
is a reversible process. Indeed, washing out PM-HZ and NRK
from the extracellular medium shifted the equilibrium toward
hydrazone bond disruption, leading to NRK release into the
medium and inside the cells, and, thus, decreased signal from
the plasma membranes. Moreover, in the low pH medium after
washing, the destabilization of the hydrazone bond led to nearly
complete hydrolysis of the hydrazone and non-specific distri-
bution of NRK within the cell, similar to the control without PM-
HZ (Fig. S5%).

Next, we explored the possibility to target LDs in cells pre-
treated with LD-HZ. In comparison to the control cells, those
incubated with LD-HZ showed strong dot-shaped fluorescence,
which was observed as much brighter dots and peaks of high
intensity in the line profiles (Fig. 2b and c). These dots colo-
calized well with the near-infrared marker of LDs SMCy5.5,*
which was also confirmed by the line profiles for the two dyes
(Fig. S6T). For control cells, the signal from dots was much
weaker, so that the colocalization with SMCy5.5 marker was less
clear. The Pearson's and Mander's correlation coefficients were
higher in the presence of LD-HZ (0.68 and 0.77, respectively)
than that of control (0.52 and 0.26, respectively) (Table S17).
Moreover, the targeting hydrazide LD-HZ increased the ratio of
mean fluorescence intensity of LDs/whole cell from 1.67
(control) to 4.46 (Table S1t). These results confirm that our
system combining LD-HZ and NRK ensures selective dye accu-
mulation in LDs, whereas for control NRK the partitioning into
LDs is not efficient. The two-color images showed clear green
pseudo-color of LDs, in contrast to the rest of the cytoplasm, in
agreement with line profiles, where green emission was much
stronger at the peaks corresponding to LDs (Fig. 2 and S6t). LDs
are known to present much lower polarity of their lipid core,
compared to any other lipid structures,***%7° which explains
the dominant green emission of solvatochromic Nile Red
moiety.

Finally, we tested our mitochondria-targeting hydrazide
Mito-HZ in combination with NRK. In the presence of Mito-HZ,
the characteristic mitochondrial staining could be identified in
contrast to that of the control (Fig. 2b and S77). The line profile
across the cells revealed clear differences between control cells
and those pre-treated with Mito-HZ (Fig. 2c). The observed
structures colocalized with the mitochondria staining by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MitoTracker Deep Red FM 644/665, in contrast to the control
cells stained only with NRK (Fig. S71). However, the targeting
effect was much weaker than that for LDs or plasma
membranes, according to ratio of mean fluorescence intensity
in mitochondria/whole cell (1.73 with Mito-HZ vs. 1.58 in the
control), Pearson's correlation coefficient (0.75 with Mito-HZ vs.
0.65 in the control) and Mander's correlation coefficient (0.44
with Mito-HZ vs. 0.54 in the control) (Table S17). The weaker
mitochondria targeting is in line with the lower yield of
hydrazone formation observed in models for Mito-HZ
compared to other two targeting hydrazide ligands (see
above). Moreover, we assume that some fluorescence from other
cell organelles might overlap with fluorescence from mito-
chondria, which complicates the co-localization analysis. Thus,
all three targeting hydrazides induced selective accumulation of
a ketone-functionalized dye in specific cellular organelles. This
implies the formation of dynamic covalent bond (hydrazone)
with the ligand through an orthogonal reaction, which can
provide sufficient driving force to direct originally non-specific
dye to the targeted subcellular compartment.

Then, we explored a possibility to extend our dynamic
covalent targeting concept to a drug molecule bearing ketone
group, such as doxorubicin. The control cells incubated with
doxorubicin (for 30 min) showed fluorescence all over the
cytoplasm (Fig. 3b), in line with the previous studies (nuclear
localization of doxorubicin is commonly observed in cells lines
poorly resistant to this drug”).”*7>7* Remarkably, in the pres-
ence of PM-HZ, the intracellular fluorescence of doxorubicin
changed drastically, showing preferential localization at the
level of plasma membranes (Fig. 3a), similar to dye NRK. Line
profiles across the cell membrane confirmed this observation
(Fig. 3). Colocalization imaging with a membrane probe
F2N12SM (Fig. S81) confirmed the membrane targeting, while
the colocalization analysis based on Pearson's and Mander's
coefficients as well as the intensity ratio (plasma membrane/
whole cell) showed significantly improved localization in the
plasma membranes compared to control cells without PM-HZ
(Table S17).

In the presence of LD-HZ, doxorubicin displayed strong
dotted fluorescence, which colocalized well with the marker of
LDs SMCy5.5 according to the two-colour images and the cor-
responding line profiles (Fig. 4a). Thus, doxorubicin, which
does not show any affinity to LDs in control cells (Fig. 4b), can
be directed towards LDs using LD-HZ. The colocalization
analysis based on Pearson's and Mander's coefficients as well as
the intensity ratio (organelle/whole cell) confirmed drastically
improved localization of doxorubicin in the lipid droplets
compared to control cells without LD-HZ (Table S17). Likewise,
the capability of Mito-HZ to direct doxorubicin towards mito-
chondria was also tested. In the presence of Mito-HZ the char-
acteristic mitochondrial staining could be identified, which
could be seen from the line profiles of the images of targeted
doxorubicin and MitoTracker Deep Red FM 644/665 (Fig. S97).
In contrast, control cells with doxorubicin did not show a clear
colocalization with mitochondria (Fig. S9t). However, one
should note that mitochondria targeting was much less specific
compared to the plasma membrane and LDs targeting, which
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Fig.3 Targeting doxorubicin to plasma membranes. Cells were pre-incubated for 10 min at 37 °C with (a) or without (b) PM-HZ (20 uM) followed
by addition doxorubicin (1 pM) and incubation for 30 min at 37 °C. Condition for the green channel (doxorubicin imaging): excitation at 488 nm,
emission filter at 520—650 nm. Condition for the blue channel (Hoechst 33342 imaging): excitation at 405 nm, emission filter at 420-480 nm.

The line profiles (right panels) of the image in the green channel is indicated by white arrows in 4 x magnified images.

was in line with the data using NRK dye. This was confirmed by
only limited changes in the Pearson's and Mander's coefficients
as well as the intensity ratio (mitochondria/whole cell)
compared to control cells (Table S1f). Overall, these results
show that our targeting hydrazides can tune intracellular
localization of the ketone drug, so that dynamic covalent bonds
provide a driving force for the repartitioning of the drug to the
target organelle. It should be noted that it is the first time that
intracellular localization of a drug can be tuned without its
chemical pre-functionalization.

Previous works showed that Nile Red derivatives can be
phototoxic after continuous illumination in wide-field fluores-
cence microscopy.” Therefore, NRK could be a suitable model
to verify whether a PDT effect of the same dye can be tuned by
targeting it to different organelles. To this end, cells pretreated
with different targeting hydrazides were stained with NRK and

SMCy5.5 Doxorubicin

Targeting

Control

then illuminated in wide-field microscopy conditions in order
to induce a photodamage. It should be noted that the mean
fluorescence intensity of NRK in cells was at the similar level for
all studied conditions, which ensured that the amount of
internalized NRK was similar in all these cases (Fig. S10t). To
monitor cell death, CellTox™ Green assay was used, which
stains nucleus of dead cells. In case of PM-HZ, illuminated (+)
area revealed strong green fluorescence from dead cells, in
contrast to non-illuminated area with practically no signs of cell
damage (Fig. 5a). Similar though smaller effects were observed
for Mito-HZ (Fig. 5b). In sharp contrast, only few dead cells were
observed in the illuminated area of either non-targeted NRK or
LD-targeted NRK (Fig. 5c and d), indicating that these condi-
tions provided much smaller phototoxic effects. The quantita-
tive analysis of the CellTox™ Green fluorescence (Fig. 5e) in the
large population of cells (Fig. S117) confirmed the strongest

Profile

>

Intensity o

100 et
Distance

5k

i

‘@

[ =

(3]

S

100 ed
Distance

Fig. 4 Targeting doxorubicin to lipid droplets. Cells were pre-incubated for 10 min at 37 °C with (a) or without (b) LD-HZ (20 uM) followed by
addition doxorubicin (1 uM) and incubation for 30 min at 37 °C. Conditions for red channel (lipid droplet marker SMCy5.5 imaging): excitation at
644 nm, emission filter at 650-800 nm; the green channel (doxorubicinimaging): excitation at 488 nm, emission filter at 520-650 nm; the blue
channel (Hoechst 33342 imaging): excitation at 405 nm, emission filter at 420-480 nm. The line profiles (right panels) of the image in the green
channel is indicated by white arrows in 4x magnified images.
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Fig. 5 Phototoxicity of targeted NRK dye evaluated by CellTox™ Green assay. Transmission (left panels) and CellTox™ Green fluorescence (right
panels) of cells pretreated with (a) PM-HZ, (b) Mito-HZ and (c) LD-HZ at and (d) control. Targeting agent (100 uM) was pre-incubated with cells for
30 min at 37 °C, followed by washing with PBS and then addition of NRK (1 uM) in Opti-MEM and incubation for 30 min at 37 °C. Areas labelled as
“+" were illuminated under microscope for 1 minat 550 nm, while “—" areas were not illuminated. Images were taken after incubation for 30 min
with CellTox™ Green assay. (e) Phototoxicity analysis by using Hoechst-CellTox™ Green assay co-staining (based on data shown in Fig. S117).

phototoxic effect for plasma membrane targeting (90% cell
death) and less prominent effect for the mitochondria targeting,
whereas the phototoxicity of non-targeted and LD-targeted NRK
was negligible. In the bright-field images, detaching round cells
were clearly observed for the membrane- and mitochondria-
targeted NRK, whereas for control and LD-targeted NRK, the
cell morphology did not change after the illumination.

In the time-lapse bright-field images, gradual morphology
changes were observed only for cells with NRK targeted to
plasma membrane and mitochondria (Fig. S127): a formation of
large membrane blebs together with gradual cell detachment in
the former case and dense small bubbles at the surface of cells
in the latter case. These morphological alternations indicate the
cell damage, in line with the CellTox™ Green assay. Overall,
these results show that phototoxic effects at the level of plasma
membrane and mitochondria are much more important than at
other membrane regions of the cells, in line with previous
studies.'>'*?*7> Moreover, phototoxic damage in cell plasma
membranes and mitochondria leads to different morphological
changes of the cells, which shows that the phototoxicity profile
can be finely tuned by the subcellular localization of the
photosensitizer dye.

Conclusions

In conclusion, a concept of “dynamic covalent targeting” of
organelles is proposed based on reversible covalent bond
(hydrazone) formation in live cells, which allows tuning
subcellular localization of the same molecule (a dye or a drug)
and reveals organelle-dependent phototoxicity. Three hydra-
zides bearing organelle-targeting moieties have been developed,
which enable localizing Nile Red-ketone dye and anti-cancer
drug doxorubicin specifically in plasma membranes, mito-
chondria and LDs of live cells. To the best of our knowledge,
this is the first method capable to target an unmodified drug
molecule to any desired location inside the cells. It is important
to note that the dynamic covalent targeting works on two

© 2022 The Author(s). Published by the Royal Society of Chemistry

molecules of very different chemical structure (NRK and doxo-
rubicin), which shows that the concept is rather universal for
targeting ketone molecules. We also found that the same
photosensitizer dye targeted to plasma membranes and mito-
chondria produced much stronger phototoxic effect compared
to non-targeted or LDs-targeted dye. Thus, by localizing dye
molecules in desired subcellular compartments, our approach
provides fine tuning the dye phototoxicity, important for effec-
tive and precise photodynamic therapy. Moreover, capacity of
the dynamic covalent targeting approach to provide specific
localization to some drugs (e.g. doxorubicin) could enable
optimizing their efficacy and better understanding their intra-
cellular mechanisms. We should stress that reversible nature of
dynamic covalent chemistry provides unique opportunities in
the field of targeted drug delivery, where a non-functionalized
drug can be localized in the target organelle and further
released in a free form due to the dynamic equilibrium. Finally,
we expect that this concept could be extended to other biolog-
ically active molecules and dynamic covalent bonds.
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Experimental Section

Material and Methods

All starting materials for synthesis were purchased from Alfa Aesar or Sigma-Aldrich unless
specifically mentioned. MitoTracker Deep Red FM 644/665 were purchased from Thermo
Fisher. Nile Red Ketone (NRK),' lipid droplets marker SMCy5.5% and plasma membrane
marker F2N12SM? were synthesized as described before. CellTox™ Green assay (Cat.# G8741)
was bought in Promega. Milli-Q water (Millipore) was used in all experiments. Synthesis and
characterization of all new compounds, including membrane, lipid, and mitochondria targeting
agents are described below. NMR spectra were recorded on a Bruker Avance III 400 MHz
spectrometer. The following abbreviations are used in the presentation of the NMR data: s,
singlet; brs, broad singlet; d, doublet; brd, broad doublet; dt, doublet of triplets; t, triplet; m,
multiplet. Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer.
Absorption spectra were recorded on Cary 5000 UV-visible spectrophotometer (Agilent).
Fluorescence spectra were recorded on an Edinburg FSS spectrofluorometer. All the spectra
were corrected for the wavelength-dependent response function of the detector. Emission
measurements were systematically done at rt. The confocal laser scanning microscopy was
done by Leica Application Suite. Epi-fluorescence images were obtained from a microscope
produced by Nikon Instruments Europe B.V. Cell images were processed using ImageJ 1.52a
software (NIH, Bethesda, MD, USA).

In situ reaction in model lipid membranes

Preparation of large unilamellar vesicles (LUVs). A stock solution of
dioleoylphosphatidylcholine (DOPC) in chloroform was placed into a round-neck flask, after
which the solvent was evaporated in vacuo and phosphate buffer (20 mM, pH 7.4) was added.
After all the solid was dissolved a suspension of multilamellar vesicles was extruded by using
a Lipex Biomembranes extruder (Vancouver, Canada). The size of the filters was first 200 nm
(7 passages) and thereafter 100 nm (10 passages). This generates monodisperse LUVs with a
mean hydrodynamic diameter of 120 nm as measured by dynamic light scattering (DLS), using



Malvern Zetasizer Nano ZSP (Malvern, U.K.). The final DOPC concentration in the LUV's was
calculated to be 1 mM.

Preparation of nanoemulsions (NEs)

Nanoemulsions were produced by spontaneous nanoemulsification according to protocols
described previously.] Labrafac oil (Labrafac WL 1349® from Gattefossé, Saint Priest, France)
(50 mg) was mixed with the surfactant Kolliphor ELP® (Sigma-Aldrich) (50 mg) in a
sonication bath at 40 °C for 10 min. Then, the mixture was homogenized under magnetic
stirring at 40 °C for 10 min up to complete homogenization. Finally, NEs were generated with
the addition of ultrapure (Milli-Q) water (230 mg). The hydrodynamic diameter of NEs was 90
nm according to DLS.

Model study of in situ reactions in LUVS/NEs. 1 mL of LUVs (1 mM) in PBS were mixed
with 5 pL of 10 mM stock solution (in DMSO) of membrane targeting compound PM-HZ and
incubated for 30 min, then the excess of membrane targeting moiety was removed by dialysis
using a dialysis membrane with molecular cut off weight of 14000 Da. Afterwards, 5 pL of 3
mM solution of NRK in DMSO were added and further incubated for 1h at r. t. Then, the
mixture was extracted by 500 pL distilled water and 500 pL. DCM, DCM phase was collected
and concentrated in vacuo. The reaction was controlled using TLC by comparing with a control,
which was prepared by directly mixing 100 pL of LUVs with 5 pL 3 mM (in DMSO) NRK,
followed by the same extraction process. DCM:MeOH=95:5 was used as the eluent. The novel
compound, identified by the different polarity in comparing to starting materials, was collected
and subjected to mass spectrometry detection. Fluorescence spectra of NRK in LUVs in the
presence of the membrane targeting hydrazine PM-HZ were recorded using the following
sample preparation: 2 uM NRK in 1 mL in phosphate buffer (pH 7.4) were mixed with 10 uL.
of the LUVs with PM-HZ, prepared as mentioned above (after the dialysis) and incubated for
30 min. In the two control samples, 2 ptM NRK in 1 mL in phosphate buffer were mixed or not
with 10 uL of the LUVs (1 mM).

In order to estimate the yield of the hydrazone conjugate of PM-HZ, LD-HZ and Mito-HZ with
NRK in LUVs/NEs, the following protocol was used. PM-HZ or Mito-HZ (20 uM) was
incubated in 1 mL LUVs (containing 1 mM DOPC) for 20 min at r. t. LD-HZ (20 uM) was
incubated in 1 mL NEs (containing 1 mM Labrafac oil) for 20 min at r. t. Then, NRK (10 uM)
was added to these solutions and further incubated for lh at r. t. Finally, the mixture was
extracted by 1 mL ethyl acetate twice; the extract was evaporated in vacuum and then purified
by TLC (DCM:MeOH=95:5 as an eluent). The formed fractions of NRK-PM-HZ conjugate
(with higher polarity, low Rf), NRK-LD-HZ (with lower polarity, high Rf) and NRK-Mito-HZ
(with higher polarity, low Rf) and NRK were collected and their absorbance was measured by
dissolving in 1 mL MeOH. According to the absorbance of NRK and NRK-PM-HZ, NRK-LD-
HZ or NRK-Mito-HZ, the reaction yields of the hydrazone formation were 65 mol%, 63 mol%
and 28 mol% for NRK in-situ reaction with PM-HZ, LD-HZ and Mito-HZ, respectively.



Cell experiments

HeLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-Invitrogen), supplemented with penicillin (100 U/mL), 1% glycan (100 U/mL) and 10
% FBS at 37 °C in a humidified atmosphere containing 5% CO.. HeLa cells (ATCC) were then
seeded on 36 mm ibidi coverslips at 30,000 cell per well in this DMEM medium with overnight.
The DMEM medium was firstly removed and the cells were washed with PBS for three times.
Then, medium was changed to Opti-MEM containing or not (in case of control) 100 pM of
targeting hydrazides: LD-HZ for lipid droplets, PM-HZ for plasma membrane or Mito-HZ for
mitochondria. The cells were incubated at 37 °C in a humidified atmosphere containing 5%
COz for 30 min. Then, after washing the cells gently once with PBS, the medium was changed
to Opti-MEM containing 1 pM NRK (except 2.5 uM for mitochondria) and further incubated
for 30 min at room temperature followed by fluorescence imaging. In the case of protocol
without washing out the targeting molecule, the cells were seeded into labtek (8 well
chambered coverslips) at 4000 cells per well in this DMEM medium and left overnight. The
DMEM medium was then removed and the cells were washed with PBS for three times. The
Opti-MEM medium (200 pL) containing certain concentration (1, 5, 20, 100 uM) of HZ-PM
was added to HeLa cells. The cells were incubated for 10 min at r.t. followed by addition of
NRK (1 uM) and further incubation for 30 min before imaging.

For all co-localization experiments, the cells were seeded into LabTek (8 well chambered
coverslips) at 4000 cells per well in the DMEM medium and left overnight. The DMEM
medium was then removed and the cells were washed with PBS for three times. Cells were pre-
incubated with Opti-MEM medium (200 pL) containing or not (in cases of control) 20 uM
corresponding targeting moieties of PM-HZ, LD-HZ or Mito-HZ for 10 min at 37 °C followed
by addition of NRK or doxorubicin at 1 uM concentration and further incubated for 30 min. In
case of co-localization in plasma membranes, F2N12SM (400 nM) was added after the cells
were treated with Mito-HZ and NRK/doxorubicin and incubated for 15 min before imaging.
For LDs labeling, LDs marker SMCyS5.5 (1 uM) was added to the cells, incubated for 3h at 37
°C before adding targeting hydrazine LD-HZ and NRK/doxorubicin. For mitochondria labeling,
MitoTracker Deep Red FM 644/665 (200 nM) was added after the cells were treated with Mito-
HZ and NRK/doxorubicin and further incubated for 5 min at 37 °C. Finally, the corresponding
medium was changed to Opti-MEM followed by fluorescence imaging. In cases of nucleus
staining, Hoechst 33342 (10 pg/mL) in Opti-MEM was used to stain cell nucleus over 1 h and
washed with PBS once before all the processes.

For reversibility analysis of reaction of NRK with PM-HZ at plasma membrane interface, the
cells in LabTek were pre-incubated with Opti-MEM medium (200 pL) containing or not (in
cases of control) 20 uM PM-HZ for 10 min at 37 °C followed by addition of 1 uM NRK and
further incubated for 30 min at 37 °C. For experiments with different pH (short incubation
time), the cells were washed with PBS three times and the medium was changed to Opti-MEM
(pH 7.4) or to phosphate-acetate buffer (pH 5.8). For long incubation in Opti-MEM (pH 7.4),
after washing with PBS three times, cell medium was changed to Opti-MEM medium (200 pL)
and the cells were incubated for 1 h at 37 °C. For each experimental condition, just before
imaging the cells were incubated for 5 min at 37 °C with reference plasma membrane probe
F2N12SM (400 nM).?



Fluorescence imaging of NRK was done with the excitation wavelength at 488 nm, and
fluorescence emission was collected at two different spectral channels: 550-600 nm and 600-
670 nm. In the colocalization measurements with LDs marker SMCyS5.5, for NRK channel,
excitation wavelength was set at 488 nm and emission wavelength was collected in the range
of 550-600 nm. For doxorubicin channel, the excitation wavelength was at 488 nm and
fluorescence emission was collected in range of 520-650 nm (images of for membrane and
mitochondria targeting were collected over average of 20 frames for this channel due to low
brightness of doxorubicin). For the SMCy5.5 and MitoTracker Deep Red FM 644/665 channel,
the excitation wavelength was set at 635 nm and the emission wavelength was collected in the
range of 650-800 nm.

Colocalization analysis was conducted in two ways. The first way was by calculating Pearson’s
and Mander’s correlation coefficients. This was conducted by using an ImageJ plugin named
“Just Another Colocalisation Plugin (JACoP)”. A certain threshold for both Green and Red
channels was applied to select the ROI area for the calculation of Pearson’s and Mander’s
correlation coefficients. The second way was to calculate the ratio of the mean fluorescence
intensity from organelle areas versus the whole cells. The organelle areas were selected by
using fluorescence image of corresponding reference markers, F2N12SM for plasma
membrane, SMCy5.5 for lipid droplet or Mito Tracker Deep Red FM for mitochondria. Cell
selection and calculation of the mean fluorescence intensity were done using ImageJ.

Phototoxicity study

HeLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-Invitrogen), supplemented with penicillin (100 U/mL), 1% glycan (100 U/mL) and 10
% FBS at 37 °C in a humidified atmosphere containing 5% CO>. HeLa cells (ATCC) were then
seeded on 36 mm coverslips at 30,000 cell per well in this DMEM medium with overnight.
The DMEM medium were first removed and washed with PBS for three times before changing
the medium to Opti-MEM (as control) or Opti-MEM containing PM-Hz, Mito-HZ or LD-HZ
(100 pM), then the cells were incubated at 37 °C in a humidified atmosphere containing 5%
CO: for 30 min. After that the cell were washed with PBS and the medium was changed to
Opti-MEM containing 1 uM of NRK, followed by an incubation for 30 min at r. t. To
understand PDT effect when NRK is targeted to different cell organelles, we used CellTox™
Green, a nucleus maker for monitoring cell death induced by membrane disruption. After
targeting NRK to cell organelles with corresponding ligands, the dishes with cells were washed
once with PBS and subjected to illumination with excitation of 550 nm (50% LED source
power) continuously over 1 min followed by changing the medium to 1 mL CellTox™ Green
assay containing 12 pg/mL Hoechst nucleus staining agent and incubated for 30 min. The
transmission and fluorescence (CellTox™ Green channel) images were taken before and after
illumination using 20x air objective Nikon CFI Plan Apo, NA = 0.75 (for data in Figure 3) or
10x air objective Nikon Plan Fluor NA = 0.3 (for data in Figure S5); excitation: 470 nm,
emission filter: 531/40 nm for CellTox™ Green channel and excitation: 405 nm, emission filter:
475/50 nm for Hoechst 33342 channel. To observe the cell morphology change induced by
phototoxicity, cell images (both bright field and epi-fluorescence channel (4% power, 300 ms



integration period) with excitation of 550 nm and filter of 600/50 nm) were firstly taken before
the application of high source power. Then video was prepared by taking images of the bright
field transmission channel and epi-fluorescence channel (source power: 30% for lipid droplets,
plasma membrane and their controls; 50 % for mitochondria and its control) and short
integration period (30 ms) continuously for 30 slices over 10 min. After the video recording,
images were taken in dic channel (300 ms) and epi channel (4% power, 300 ms integration
period). This cellular imaging studies were done using epi-fluorescence mode with a Nikon Ti-
E inverted microscope, equipped with CFI Plan Apo x60 oil (numerical aperture = 1.4)
objective, and a Hamamatsu Orca Flash 4 sCMOS camera.

Synthesis of targeting hydrazides
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Scheme S1. Synthesis route for PM-HZ (4a).
Compound la was prepared as described previously.*

Compound 2a. 400 mg of compound 1a were dissolved in 7 mL of dry CH3CN together with
589 mg (3.5 equiv., 794 uL) of DIPEA. After that, a solution of 196 mg (1.5 eq.) of succinic
anhydride 3 mL of dry CH3CN was added dropwise and the resulting mixture was stirred for
12h (control by TLC) under Ar atmosphere. After the reaction the solvent was evaporated in
vacuo and the crude product was purified by column chromatography (SiOa,
DCM:MeOH:HCOOH 80:20:2).Yield: 550 mg as a colourless solid (DIPEA salt is present, its
signals are not presented). '"H NMR (400 MHz, MeOH-D4) & ppm 3.49 (2H, dt), 3.36 (2H, dt),
2.86 (2H, dt), 2.68 (2H, m), 2.58 (2H, t), 2.06 (2H, m), 1.60 (2H, brd), 1.30 (18 H, brs), 0.81
(3H, t). Splitting of d, f, g was due to presence of amide rotamers, which disappeared under
high temperature. '3*C NMR (400 MHz, MeOH-D4) § ppm 176.70, 173.94, 166.88, 55.91,
54.96, 50.30, 49.15, 48.04, 47.42, 46.26, 43.89, 33.19, 30.87, 30.71, 30.61, 30.59, 30.50, 30.00,
29.16, 28.88, 28.21, 28.06, 25.58, 24.66, 23.86, 18.11, 17.85, 14.58, 13.26. Chemical Formula:
[C19H36N306S] m/z (M) calc. 406.2263 MS for m/z [M+2H*]* found 408.2432.
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Compound 3a. 200 mg of compound 2a were dissolved in 3 mL of dry DMF together with
238 mg (1.5 eq.) of HATU, 28 mg (0.5 eq.) of HOBt and 215 mg (4 eq., 291 uL) of DIPEA
under Ar atmosphere. After 5 minutes, a solution of 83 mg (1.5 eq.) of tert-Butyl carbazate in
1.5 mL of dry DMF was added and the mixture was stirred for 24h (control by TLC) under Ar
atmosphere. After the reaction the solvent was evaporated in vacuo and the crude product was
purified by column chromatography (SiO2, DCM:MeOH 80:20, redone twice).Yield: 165 mg
as a colourless solid (DIPEA salt is present, its signals are not presented). 'H NMR (400 MHz,
MeOH-D4) 6 ppm 3.50 (2H, dt), 3.37 (2H, dt), 2.82 (2H, dt), 2.74 (2H, m), 2.53 (2H, t), 2.05
(2H, m), 1.60 (2H, brd), 1.47 (9H, m), 1.30 (18H, brs), 0.91 (3H, t). 3C NMR (400 MHz,
MeOH-D4) 6 ppm 174.98, 174.92, 173.85, 173.72, 158.11, 157.95, 82.18, 81.96, 56.01, 50.01,
49.15, 48.06, 47.46, 46.30, 43.96, 33.19, 30.87, 30.71, 30.64, 30.59, 30.26, 30.04, 29.39, 29.23,
28.87, 28.71, 28.25, 28.09, 25.62, 24.50, 23.85, 18.89, 17.45, 14.57. HRMS for Chemical
Formula: [C24H46N307S7] m/z (M) calc. 520.3056, found 520.3051.
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BBC-NMR spectrum of 3a in MeOH-D4.

Compound 4a (PM-HZ). To the solution of 3a (165 mg, 0.31 mmol) in DCM (5 mL), TFA
(5 mL) and 1 drop of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to
remove TFA and give desired product 4a as a colorless solid (153 mg) (DIPEA salt is present,
its signals are not presented). "H NMR (400 MHz, MeOH-D4) § ppm 3.51 (2H, brd), 3.39 (2H,
brs), 2.80 (4H, m), 2.59 (2H, brs), 2.04 (2H, brd), 1.59 (2H, brd), 1.30 (18H, brs), 0.91 (3H, t).
3C NMR (400 MHz, MeOH-D4) & ppm 173.94, 173.91, 166.88, 55.91, 54.96, 50.30, 49.15,
48.04,47.42,46.26,43.89, 33.19, 30.87, 30.71, 30.61, 30.59, 30.50, 30.00, 29.16, 28.88, 28.21,
28.06, 25.58, 24.66, 23.86, 18.11, 17.85, 17.67, 14.58, 13.26. HRMS for Chemical Formula:
[C19H38N305S7] m/z (M) calc. 420.2532, found 420.2534.

10



068"
L06"
£26°

Lec’'1
69¢"
BLE "
S8€”
S6€°

9%9°

110"
280"

06s”

S8L°
098"
80¢"
ez’
Sve”
poz*
0ze"
L8e"
69%°
413

(4%}

140
oL’
BTIL®
SeL’
s
89L"

- ———E T\
- \
=
)
M
- )
™ o ./
© Hb/
i -
© -
:=
b
O <«
)
s ~
Lo
8
o= Ve
o AP, "
= 2% N Hv
W|N/ lv’h,«
d Ve /0 He

45

9TET—
gsvr/
98°€T
mde/
96°2 D«cm;%
61°€E—
68°€h
A \
61°0¢ 9TV~
A2
vo'g
T E.mi
0€°0S.
965
16°SS
| W
26°)
L
|
1S
[
)
1
01z )
[CHY M
00z =
]
<
S Sy
Jry} )
=
Q
(5]
o
7
a4
W 88991~
16°€L1
|
H «oaDV

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
BC-NMR spectrum of 4a in MeOH-D4.

7

11



0 o) Q o
@, @, H TFA @,
P H,NNHBoc P. N 0. L P. _NH
OH ———> N~ N
HATU H DCM H
DIPEA o
DMF 1b 2b

Scheme S2. Synthesis route for Mito-HZ (2b).

Compound 1b. 500 mg of (3-carboxypropyl)triphenylphosphonium bromide were dissolved
in 8 mL of dry DMF together with 465 mg (1.05 eq.) of HATU and 450 mg (3 eq., 610 uL) of
DIPEA. After 5 minutes, a solution of 161 mg (1.05 eq.) of tert-Butyl carbazate in 2 mL of dry
DMF was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere.
After the reaction the solvent was evaporated in vacuo, then the solid residue was dissolved in
MeOH and precipitated with Et20, filtered and washed with Et2O (redone twice). After that,
the solid residue was dissolved in DCM, washed with water (x2) and brine, dried over Na>SOs
and the solvent was evaporated in vacuo. The crude product was purified by gradient column
chromatography (SiO, DCM:MeOH 90:10 to 80:20).Yield: 70 mg as a colourless solid. 'H
NMR (400 MHz, MeOH-D4) 6 ppm 7.81 (15H, m), 3.54 (2H, t), 2.48 (2H, t), 1.99 (2H, m),
1.47 (9H, s). 3*C NMR (400 MHz, MeOH-D4) & ppm 174.30, 158.09, 136.48, 136.46, 135.01,
134.93,131.74, 131.64, 120.23, 119.54, 82.16, 49.15, 34.38, 34.23, 28.68, 22.27, 21.84, 19.98.
HRMS for Chemical Formula: [C27H3N203P*] m/z (M) calc. 463.2151, found 463.2657.

k\\'s %“ : water

I
[,//\‘ <F>
] o) — o
*‘VJ\ S P W Y, Boc
= © a H I \[‘\
Wi
\_/
X
|
Ph
MeOH 3
D4
| I
|
‘ c >
| HI
| | |+
‘ X ’l \
/' | ‘ [ \ ‘ AU
O ¥/ 70 S| G 7% /™
T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 55 50 4.5 4.0 35 3.0 25 20 1.5 ppm
sz ) ) G4
[ I 3 KW
e ~ s o a

'H-NMR spectrum of 1b in MeOH-D4.

12



wm,m_/
VE1Z-S
I
Lreed
89'8C—
mm.vm/v
scve/

o1'Z8—

vm.m:/.
czozt/
VO TET,

4&.;;,»

£67ET

gL
ot o€t
8yoct)

60'8ST—

0€VLI—

10

40 20

100 90, 30 70 60

110

150 140 130
BC-NMR spectrum of 1b in MeOH-D4.

160

170

13



Compound 2b (Mito-HZ). To the solution of 1b (70 mg, 0.15 mmol) in DCM (2 mL), TFA
(2 mL) and 1 drop of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to
remove TFA and give desired product 4a as a colorless solid (54 mg). '"H NMR (400 MHz,
MeOH-D4) § ppm 7.83 (15H, m), 3.47 (2H, m), 2.61 (2H, t), 2.01 (2H, pentet). '*C NMR (400
MHz, MeOH-D4) 6 ppm 136.58, 136.55, 135.01, 13491, 131.81, 131.68, 131.49, 120.17,
11930, 117.60, 114.77, 49.15, 22.67, 22.15, 19.25. HRMS for Chemical Formula:
[C22H24N20P*] m/z (M) calc. 363.1626, found 363.2060. This compound was further
characterized by RP-HPLC by using C4 column (diameter 4.6 mm, length 250 mm, 5 uM pore
size) at flow rate of 1 mL/min, 45 °C, 50% /50% of water/acetonitrile on an Agilent 1290
Infinity II LC System.

Y ek MeOH
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'H-NMR spectrum of 2b MeOH-D4.

14



W N = = = N O O I~
RO R R B BN 50w
V8 BT = = = O & T 8 ~ o
i B B I R I g9
[ N I D N NS ]
1
1
"
170 160 150 140 130 120 110 100 90 30 70 60 50 40 30 20
BBC-NMR spectrum of 2b MeOH-D4.
DADI A, Sig=220,8 Ref=off (2021-10-12-P1-B1-b2_2D)
mAU 3 %
1250 it
10004 (l
750 ‘ {
500 8 [
E| . N
2503 ©§8 g [

03 <= —e / @
.25{]—; - — ] V\,\f_—f = §
—50(]—:_ = 77‘.\_—::_:‘_7%__\‘—1

— T ———————————
2 4 8 10 12 14 16 18 min|
RP-HPLC profile of 2b.

15



(o] o
CaH17 v C H NHZNHBoc H TFA
HN Sl Boc\N,N N/CBH” A /n Ltz
HoN N
“CeH CH CN PyBOP H N DCM = \
gH17 3 DIPEA o) CgHy7 Io) CgHi7

DMF 2 3¢

Scheme S3. Synthems route for LD-HZ (3c¢).

Compound 1c. To the solution of succinic anhydride (192 mg, 1.92 mmol) in THF (20 mL)
was added 1,1-Dioctylamine (250 mg, 1.04 mmol), then mixture was refluxed overnight under
argon atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
recrystallization from dioxane to give desired product as a colorless solid (243 mg, 68 %). 'H
NMR (400 MHz, CDCl3) 6 ppm 3.23 (2H, t), 3.18 (2H, t), 2.62 (2H, m), 2.59 (2H, m), 1.51
(2H, m), 1.45 (2H, m), 1.21 (20H, m), 0.81 (6H, m). '*C NMR (400 MHz, CDCl3) & ppm
176.48, 171.97, 77.23, 53.61, 48.36, 47.72, 46.67, 31.97, 31.92, 31.90, 30.48, 29.53, 29.46,
29.41,29.36,29.30,29.24,29.02, 28.33, 27.86, 27.21,27.08, 26.94, 25.97, 22.80, 22.78, 14.24,
14.22. HRMS for Chemical Formula [C20H39NO3] m/z (M) calc. 341.2929, found m/z for [M~
+2Na*— H*]*386.3101.
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Compound 2c¢. To the solution of l¢ (243 mg, 0.71 mmol) in DMF (10 mL), tert-
butylcarbazate (159 mg 1.21 mmol), PyBOP (630 mg, 1.21 mmol), and DIPEA (1.11 mL, 6.4
mmol (9 eq)) were added and stirred at room temperature overnight under argon atmosphere.
The solvent was evaporated in vacuo, then resulting residue was purified by flash column
chromatography on silica gel (eluent EtOAc/Hepane 50:50) to give desired product as a
colorless solid (163 mg, yield 50%). 'H NMR (400 MHz, CDCI3) 6 ppm 3.17 (4H, m), 2.58
(2H, m), 2.51 (2H, m), 1.3-1.5 (13H, m), 1.20 (20H, m), 0.79 (6H, m). '*C NMR (400
MHz,CDCl3) & ppm 172.38, 171.01, 155.21, 81.17, 77.00, 60.33, 56.88, 53.43, 49.97, 47.84,
46.52,46.17,31.68, 31.63,29.26,29.17,29.12, 29.07, 28.67, 28.23, 28.10, 28.04, 27.91, 27.60,
26.94, 26.87, 26.79, 26.73, 22.50, 22.48, 13.86. HRMS for Chemical Formula [C20H39NO3]
m/z (M) calc 455.3723, found m/z for [M+Na*]* 478.4062.
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Compound 3c (LD-HZ). To the solution of 2¢ (163 mg, 0.48 mmol) in DCM (10 mL), TFA
(10 mL) and 2 drops of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to
remove TFA and give desired product 3c as a colorless solid (158 mg). '"H NMR (400 MHz,
CDCl3) 6 ppm 3.22 (4H, m), 2.68 (2H, brs), 2.56 (2H, brs), 1.50 (4H, brd), 1.26 (20H, m), 0.87
(6H, t). Splitting of protons of ¢, d and e, f were due to presence of amide rotamers; the splitting
disappeared under high temperature. '*C NMR (400 MHz, CDCl3) 172.99, 171.69, 77.48,77.16,
76.84,48.56,46.90,31.91, 31.86, 29.42, 29.33, 29.30, 28.69, 27.64, 27.10, 27.01, 22.72, 14.16,
14.15. 3HRMS for Chemical Formula: [C20H41N302] m/z calc. 355.3199, found m/z (M+Na*)
378.3163.
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Fig. S1. (a-c) Upper panels: Photos of thin later chromatography (TLC) plates for purification
(DCM:MeOH=95:5 as eluent) of the extracts from the in situ reactions of NRK (10 uM) with
(a) PM-HZ (20 uM) in LUVs (1 mM DOPC); (b) LD-HZ (20 uM) in nanoemulsion (1 mM
Labrafac oil); (c¢) Mito-HZ (20 uM) in LUVs (1 mM DOPC). (a-c) Upper panels: absorption
spectra of NRK and the conjugates NRK-PM-HZ (a), NRK-LD-HZ (b) and NRK-Mito-HZ (c)
in methanol after TLC purification. (d) Mass data for NRK-LD-HZ conjugate collected from
TLC band with higher Rf (b). (¢) Mass for NRK-Mito-HZ conjugate collected from TLC band
with lower Rf (c).
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Fig. S2. Targeting NRK to plasma membrane with HZ-PM at different concentrations: 0 pM
(a); 1 uM (b); 5 uM (c); 20 uM (d); 100 uM (e) following non-wash protocol. (1) Confocal
images recorded in the red channel (excitation: 488 nm, emission filter: 600~670 nm) and green
channel (excitation: 488nm, emission filter: 550~600 nm). (2) Corresponding zoomed (4x)
images of (1). (3) Plot profile of red and green channel from white arrows indicated in images
(2). Targeting agent was pre-incubated with cells followed by addition of NRK (1 uM).
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Fig. S3. Targeting NRK dye to (a) plasma membrane, (b) lipid droplets and (c) mitochondria
by corresponding hydrazide ligands. (1) General scheme of targeting mechanism; (2) confocal
images under condition for red channel: excitation 488 nm, emission filter of 600-670 nm;
condition for green channel: excitation 488nm, emission filter of 550-600 nm. Targeting agent
was pre-incubated with cells followed by washing and then addition of NRK (1 uM). In
controls, NRK was used directly without the targeting agent. Zoomed images are given in Fig.
2.



Fig. S4. Targeting NRK to plasma membranes and colocalization with membrane probe
F2N12SM. Cells were pre-incubated for 10 min at 37 °C with (a) or without (b) PM-HZ (20
uM) followed by addition NRK (1 uM) and incubation for 30 min at 37 °C. Membrane staining
by 400 nM F2N12SM is shown in red. Imaging conditions: for NRK, 488 nm excitation,
emission filter of 550-600 nm, for F2N12SM, 405 nm excitation, emission filter of 420-480
nm.
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Fig. SS. Testing reversibility of NRK targeting to plasma membrane by PM-HZ in HeLa cells
at neutral and low pH after washing. Plasma membranes were stained by F2N12SM. (a) NRK
(1 uM) targeted to HeLa cells pretreated with PM-HZ (20 uM). (b) Controls treated with NRK
(1 uM) without PM-HZ. Images were taken in Opti-MEM (pH 7.4) before washing, in Opti-
MEM (pH 7.4) after washing with PBS, after long incubation (1 h) in Opti-MEM (pH 7.4) and
in pH 5.8 phosphate-acetate buffer. For all four conditions before imaging, the cells were
incubated for 5 min at 37 °C with plasma membrane probe F2N12SM (400 nM). Imaging
conditions for the NRK red channel: excitation 488 nm, emission filter 600-670 nm; for NRK
green channel: excitation 488nm, emission filter 550-600 nm; for F2N12SM: excitation 405
nm, emission filter 420-480 nm.
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Fig. S6. Targeting of NRK (1 uM) to lipid droplets by LD-HZ (20 uM) identified by
colocalization with SMCy5.5. Condition for red channel (a and f) for imaging of SMCyS5.5:
excitation at 644 nm, emission filter at 650-800 nm; condition for green channel (b and g):
excitation at 488nm, emission filter at 550-600 nm. (c) NRK-SMCyS5.5 colocalization in cells
preloaded with lipid droplets targeting agent LD-HZ (overlay of a and b). (d) The selected area
of (c) where the line profile analysis was performed. (d) The selected area of (c) where the line
profile analysis was performed. (e¢) The line profile of fluorescence intensity from (d) in
SMCy5.5 channel (Red) and NRK channel (Green). (h) NRK-SMCy5.5 colocalization of
control cells without LD-HZ (overlay of f and g). (i) The selected area of (h) where the line
profile analysis was performed. (j) The line profile of fluorescence intensity from (i) in
SMCyS5.5 channel (Red) and NRK channel (Green).
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Fig. S7. Targeting NRK to mitochondria by NH-Mito identified by colocalization with
MitoTracker Deep Red FM 644/665. Cells were pre-incubated for 10 min at 37 °C with (a-f)
or without (g-1) Mito-HZ (20 uM), followed by cell wash with PBS and addition NRK (1 uM)
and incubation for 30 min at 37 °C. Condition for red (MitoTracker Deep Red FM 644/665)
channel (a,d,g,j): excitation at 635 nm, emission filter at 650-800 nm; condition for green
(NRK) channel (b,e,h,k): excitation at 488 nm, emission filter at 550-600 nm. (c) NRK-
MitoTracker Deep Red FM 644/665 colocalization in cells preloaded with mitochondria
targeting agent Mito-HZ (overlay of a and b). (i) NRK- MitoTracker Deep Red FM 644/665
colocalization in control cells without Mito-HZ (overlay of g and h). (d, e) Selected area from
(a, b) where the line profile analysis was performed; (j, k) selected area from (g, h) where the
line profile analysis was performed. (f) Histogram of fluorescence intensity indicated by the
white arrow in (d) and (e); (1) histogram of fluorescence intensity indicated by the white arrow
in (j) and (k).
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Fig. S8. Targeting doxorubicin to plasma membranes by PM-HZ and co-localization with the
membrane probe F2N12SM. Confocal image of membrane co-localization of 1 uM
Doxorubicine (green) by PM-HZ (20 pM) with 400 nM F2N12SM (red). (a) Targeting with
PM-HZ and (b) control cells. Imaging condition: for NRK, 488 nm excitation, filter of 550-
600 nm, for F2N12SM, 405 nm excitation, filter of 420 nm-480 nm.
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Fig. S9. Targeting doxorubicin to mitochondria by Mito-HZ. Cells were pre-incubated for 10
min at 37 °C with (a) or without (b) Mito-HZ (20 uM) followed by addition doxorubicin (1
uM) and incubation for 30 min at 37 °C. Conditions for red channel (MitoTracker Deep Red
FM): excitation at 644 nm, emission filter at 650-800 nm; the green channel (doxorubicin
imaging): excitation at 488 nm, emission filter at 520-650 nm; the blue channel (Hoechst 33342
imaging): excitation at 405 nm, emission filter at 420-480 nm. The line profiles (right panels)
of the image in the green channel is indicated by white arrows in 4x magnified images.
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Fig. S10. Calculation of mean fluorescence intensity for cells used for the PDT experiments:
control, LDs targeting (with LD-HZ), plasma membrane targeting (with PM-HZ),
mitochondria targeting (with Mito-HZ). Mean fluorescence intensity was calculated for ~300
cells for each condition. Errors are standard deviation of the mean. Cells were selected by using
Image] cell finding plugin.
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Fig. S11. Phototoxicity of NRK targeted to different organelles (plasma membranes with PM-
HZ, mitochondria with Mito-HZ and lipid droplets with LD-HZ), evaluated using cell death
staining agent CellTox™ Green (in Red) co-stained with nucleus staining agent Hoechst33342
(in Green). Transmission (bright field) and merged images are also shown. The cells were
illuminated under microscope for 1 min at 550 nm. Images were taken after incubation for 30

min with CellTox™ Green assay.
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Fig. S12. Phototoxicity study based on cell morphology changes due to excitation of NRK
targeted to lipid droplets, plasma membrane and mitochondria by the corresponding targeting
agents. Bright-field images were taken every 1 min after excitation at 550 nm for 300 ms using
high illumination power (30% for lipid droplets and plasma membrane and its control; 50 %
for mitochondria and its control), images were selected for display at indicated periods of 1
min, 7 min. Red arrows show example of cells undergoing the morphological change.
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Table S1. Colocalization analysis for targeting of NRK and doxorubicin (Dox) to plasma
membranes, lipid droplets and mitochondria by PM-HZ, LD-HZ and Mito-HZ, respectively.?

NRK Dox NRK Dox NRK Dox

Cont- Tar- Cont- Tar- Cont- Tar- Cont- Tar- Cont- Tar- Cont- Tar-
rol get rol get rol get rol get rol get rol get

Parameter

O CL ) 088t 206+ 102+ 150+ 167+ 446t 198+ 845+ 158+ 173t 146 152+
(RNl 011 035 023 023 032 060 0048 025 012 039 042 0085

Pearson’s 020+ 055+ 021+ 052+ 052+ 068+ 016+ 058+ 065+ 075+ 034+ 038+
0.038 001 0042 0068 0026 0041 0034 0068 0.036 0028 0018 0.026

correlation
coefficient

Mander’s 0.13+ 042+ 0.21x 0.35% 0.26¢ 0.77+ 0.04+ 0.57+ 0.54% 044+ 031+ 030+

correlation 0.033 0.001 0.042 0.074 0.068 0.081 0.029 0.068 0.034 0.11 0.071 0.082

coefficient

215 cells were analysed per condition.

Table S2. Colocalization analysis for reversibility of NRK labelling of plasma membranes with
PM-HZ with respect to reference dye F2N12SM.*

Targeting group Control group
Experiment

Before After After After Before After After After
washing washing, washing, washing, washing washing, washing, washing,
Parameter pH 7.4 pH 7.4 (1 h) pH5.8 pH7.4 pH7.4(1h) pH 5.8
Intensity ratio 1.7120.12 1.28+0.10 1.10£0.021  0.85%0.02 0.8620.010 0.80%0.11 1.10£0.01¢ 0.85+0.016
(Organelle/cell)
Pearson’s correlation 0.49£0.045 0.3240.075 0.32+0.064 0.224#0.030 0.14#0.11 0.16+0.072 0.25+0.064 0.19#0.023

coefficient

Mander’s correlation 0.55+0.056 0.53+0.065 0.42+0.028 0.36+0.037 0.21+0.033 0.18+0.022 0.30+0.053 0.19+0.056
efficiency

15 cells were analysed per condition.
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Conclusions and Perspectives

3-PART 3. Conclusions and Perspectives

The aim of my Ph.D. project was development of novel concepts for drug delivery and uptake
using in situ chemical reactions in lipid nanomaterials, with particular interest in dynamic covalent

chemistry in nanoemulsions.

The first part of my work presented a novel approach, the so-called “drug sponge”, of drug
encapsulation in NEs. Dynamic covalent chemistry was exploited to achieve the reversible in situ
cargo loading in NEs. Since most drugs have moderate lipophilicity, modifying them with a highly
lipophilic moiety with the use of a dynamic covalent bond would increase the stability of the cargo
(that can be a drug or a contrast agent) against leakage from the oil core. In this project, we revisited
the prodrug strategy and proposed to directly generate the generation of a prodrug conjugate in
situ inside of the oil core of NEs. We designed a highly lipophilic hydrazide (LipoHD) capable of
forming a hydrazone bond with a cargo (fluorescent dye and doxorubicin drug) bearing ketone
group. Lipid NEs loaded with LipoHD were able to spontaneously accumulate cargo ketones
within hours. Due to the sensitivity of the hydrazone bond to pH, the drug sponge system is stable
in neutral pH, but releases its cargo (drug) in the intact form under low pH, which is important for
the controlled release in the tumor microenvironment. Firstly, we studied models to characterize
the in situ reaction process: two ketone compounds were used, one was a Nile Red dye derivative
named NRK and another was doxorubicin, an anti-tumor drug. Forster Resonance Energy Transfer
(FRET) technique was exploited for real-time investigation of the in situ reaction process, due to
high sensitivity of FRET to donor-acceptor distance. Consequently, encapsulating F888 (as the
donor for NRK) or Cy5 TPB (as the acceptor for doxorubicin) allowed monitoring the progression
of in situ reaction by the increase in the FRET signal. Then, the same technique was also used for
the model study of the cargo release under low pH. FRET signals decreased after applying low pH
to NEs encapsulated with NRK-LipoHD with F888 (or Dox-LipoHD with Cy5 TPB). This drug-
sponge system was validated in a cancer cell line, where it showed the efficient capability of
extraction of free ketone cargos (NRK/doxorubicin) from cells and pH-controlled release of
dye/drug cargos into the cells. Cytotoxicity of LipoHD NCs loaded with doxorubicin was studied
in four cell lines after 48h incubation, and it was found similar to free doxorubicin. The therapeutic

potential of drug-sponge NCs loaded with doxorubicin was demonstrated for xenografted tumors
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(D2A1 and MDA cells) in mice. Interestingly, an experiment on model skin showed that the
functional NEs (containing LipoHD) could extract free ketone cargos (NRK/doxorubicin) from
lipid-rich skin adipose tissue, implying new possibilities in detoxification from toxins and excess
of used drugs.

In the second part of my work, we extended our drug-sponge concept to dynamic imine bonds for
designing functional NEs for pH-controlled release and in situ uptake. A lipophilic reactive capture
molecule bearing two long alkyl chains and an amine group (LipoAmine) was encapsulated inside
the NEs droplets. Here, we monitored the in situ reaction using a push-pull fluorescent dye bearing
an aldehyde group (PA) as a model compound. We found that the imine bond formation was
accompanied by a blue shift, resulting from the change in the push-pull dye system after the
formation of imine bond. At low pH, the red shift was observed due to the dye release process.
Remarkably, the reduction product of PA-LipoAmine from the in situ reaction was successfully
identified from TLC-mass spectrometry. The pH-controlled release of PA in cells experiment
showed that the imine bond containing NEs was stable in neutral pH, while the release of PA was
observed in an acidic environment. The LipoAmine-loaded NEs also showed the capability to
extract PA from pre-stained cells and chicken skin surfaces. Finally, cytotoxicity studies showed
that the LipoAmine-loaded NEs could extract a toxic aldehyde (4-hydroxynonenal) from the cells
and thus increase cell viability in the presence of this toxic compound, showing the potential of
this approach for the detoxification. Importantly, in this case we achieved delivery and capture
aldehyde molecules using a lipophilic amine compound, which is much less toxic than a hydrazide.

Next, we challenged to achieve the ultimate goal of NCs, i.e. to realize the active targeting of tumor
cells. In this work, we used in situ reaction technique to prepare targeted NEs. Cholesterol bearing
a carbonate group was synthesized as capturing moiety for amine species and encapsulated inside
NEs. We encapsulated this reactive cholesterol (NPC-Chol) in NEs and showed that it was capable
to react in situ with model amine compound ethanolamine. Next, we designed a Biotin-PEG3000-
lysine linker, where the two amino groups of lysine are expected to react in situ with NPC-Chol.
Latter would serve as an anchor to fix the linker to the oil droplet, while PEG3000 would expose
biotin at the NEs surface. These biotinylated NEs loaded with a fluorescent dye were capable of
binding to the Neutravidin on the glass surface, which was evidenced by fluorescence microscopy.
Interestingly, these NEs were also capable of binding to Cy5-streptavidin and showed nice co-
localization on the electrophoresis gel. After proving the strong affinity of biotinylated NEs to
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avidin-based proteins, biotinylated NEs were successfully targeted to the plasma membrane of
SKBr3 cells. This was achieved through the direct assembly of biotin-Neutravidin-biotinylated
antibody (cetuximab) sandwich structure on the cell surface by sequential additions with washing
at each step. Then, antibody NEs with the same sandwich structure were formulated. However,
unpurified antibody NEs did not show strong affinity to SKBr3 cells. Size exclusion
chromatography profile of Biotinylated NEs with Cy5-streptavidin showed good separation of
fractions of Cy5-streptavidin-Biotinylated NEs from excess of Cy5-streptavidin, which suggest it
as an efficient method for the purification of NEs with biotin-avidin conjugations. After being
purified with this technique, antibody NEs showed nice targeting efficacy to SKBr3 cells.
Antibody-NEs conjugates obtained in this way showed potential for drug active targeting delivery
at cellular level. Thus, we developed a “green” method of functionalization of NEs with an
antibody, where the conjugation takes place in situ using biocompatible non-toxic components,
such as cholesterol, amino acid, biotin, PEG and proteins. Therefore, we can consider it as

promising approach for development of non-toxic targeted green nanocarriers.

Finally, the last part of work expanded the application of in situ reaction on biological lipid
structures to organelles, for the purpose of targeting an unmodified drug molecule to specific
desired location inside the cells. We developed three different targeting moieties bearing hydrazide
moiety to target ketone compounds to plasma membrane, lipid droplet and mitochondria. Firstly,
we studied models to characterize the in situ reaction process with ketone derivative of Nile Red,
NRK. Hydrazide conjugates with NRK were identified by mass spectra from mixtures of in situ
reaction carried out in NEs (mimicking lipid droplets and mitochondria) and LUVs (mimicking
plasma membrane). The yield of three conjugates were 65 mol% (for NRK-PM-HZ), 63 mol%
(for NRK-LD-HZ), and 28 mol% (for NRK-Mito-HZ), respectively according to extraction results.
To show the universality of the approach to target free ketone containing drugs to specific
organelles, in situ reaction of hydrazide groups with two structurally different ketone groups, NRK
and doxorubicin, was further explored in cells by confocal imaging. Confocal images showed the
presence of the targeting hydrazide groups favors co-localization of the tested ketone groups of
dyes or drugs with respect to reference organelle targeting probes, which validated organelle
targeting approach. It is interesting to note that this approach is also capable of releasing the
unmodified drug under low pH, due to the pH sensitivity of hydrazide bond, based on confocal
imaging results. We also found that NRK was much more phototoxic when it was targeted was
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targeted plasma membrane and mitochondria, probably because these organelles are particularly
sensitive to photo-oxidative stress. Thus, our approach could tune the phototoxicity of a
photosensitizer due to specific targeting to different organelles, which can be important to improve

efficiency of photodynamic therapy (PDT).

Overall, the obtained results showed that nano-droplets in combination with dynamic covalent
chemistry could be used as a powerful tool in the field of drug delivery. Several points could be
addressed from the total four projects of the present work. Based on the first two projects we can
conclude that in situ reaction using dynamic covalent chemistry could be considered as a green
and universal way for the encapsulation and release of cargoes (especially drugs) with moderate
lipophilicity. Here, we should mention several key advantages of this approach compared to
classical prodrug approach. First, drugs could be encapsulated in a direct and simply way, avoiding
prodrug synthesis and purification. Second, drugs could be released in their original form, thus
avoiding issues about the effectiveness of the released drug compared with the prodrug approach,
where drug is released in its chemically modified form. Third, this approach allows exactly the
opposite processes: extract toxic compounds from cells and tissues, which could be applied in the
future for detoxification in vivo. Therefore, we named this drug encapsulation and release system
as “drug sponge”. One should also note that this is an universal approach that could be applied
theoretically to any drug with reactive groups compatible with dynamic covalent chemistry. For
now, only two types of dynamic covalent chemistry, based on imine and hydrazone, were
investigated. We believe that this approach could also extended to other types of dynamic covalent
reactions. From the antibody NEs project, we can conclude that in situ reaction could be applied
for the formulation of biotinylated NEs. This process could also be considered as a universal
method for the modification of NEs surface. Surface modification of NEs remains a huge challenge
until now, because ligands attached to amphiphiles can easily desorb from the particle present in
a liquid phase. Very high hydrophobicity is expected to stabilize the ligand on NEs surface.
Moreover, the biotin group could be replaced with other functional groups for different types of
conjugation. For the developed NEs covered with biotin-Neutravidin could be applied for any
antibody of interest by after its biotinylation. By using NEs as probe/drug carrier modified with
targeting antibodies, we expect to obtain a powerful “green” nano-platform for the targeted
imaging and drug delivery in biomedical applications, especially against cancer. From the last

project of my thesis, we can conclude that the application of in situ reactions is not limited to
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nanoemulsions, but can be extended organelles of living cells. To date, this is the first method
capable of targeting a drug to specific organelles of live cells without its initial chemical
modification. The result indicated the universality of approach by targeting two structurally
different molecular with ketones (NRK and doxorubicin). Potentially, the approach could also be
used for targeting any other drug molecule with ketone group. This enables specific cellular
localization of some drugs (doxorubicin) or photosensitizers, which is important for understanding
their intracellular mechanisms and PDT effects. In the meantime, this organelle-targeting approach

could be expanded to other type of dynamic covalent bonds.
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4- PART 4. Materials and Methods

4.1- Materials

All starting materials for synthesis were purchased from Alfa Aesar, Sigma-Aldrich or TCI Europe,
unless specifically mentioned. Labrafac Lipophile WL 1349 (LabrafacWL®), composed of
medium-chain tiglycerides and caprylic/capric triglyceride, was obtained from Gattefossé (Saint
Priest, France). Cremophor ELP was from BASF (Ludwigshafen, Germany). Acetic acid (>99.0%,
Sigma-Aldrich), Sodium phosphate monobasic (>99.0%, Sigma-Aldrich), sodium phosphate
dibasic dihydrate (>99.0%, Sigma-Aldrich) and acetic acid were used to prepare 20 mM phosphate
buffers at various pH. Borate buffer was prepared from 25 mM sodium tetraborate, 25 mM NacCl,
and 1 mM EDTA at pH 8.1 or 8.4. Phosphate-buffer saline (PBS) was 140 mM NaCl and 12 mM
sodium phosphate at pH 7.4. Sodium azide 0.5% (w/v) was prepared by dissolving 5 mg of sodium
azide in 1 mL of water. Solutions of tris(2-carboxyethyl) phospine hydrochloride (TCEP) 10 mM
(2.87 g/mL) were prepared in borate buffer. pH 8.5 phosphate buffer was prepared by dissolving
3.5 g of dipotassium hydrogen phosphate and 4.5 g of sodium chloride in 500 mL of water.
Adjusted the pH with a mixture of equal volumes of dilute phosphoric acid and water. DiD oil
(1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate) (Cy5) were purchased
from ThermoFisher Scientific. 4'-dioctylamino-3-octyloxyflavone (F888), SMCy5.5 and PA were
synthesized as described before 451233611 Milli-Q water (Millipore) was used in all experiments,
obtained through a MilliQ filtration system (Millipore, Saint-Quentin-en-Yvelines, France). Foetal
bovine serum (FBS) was acquired from Lonza (Verviers,Blgium) and Gibco-Invitrogen (Grand
Island, USA). Culture reagents were obtained from Sigma (St. Louis, USA), Lonza (Verviers,
Belgium) and Gibco-Invitrogen (Grand Island, USA). Erbitux 5 mg/mL (cetuximab) was obtained
from Merck Serono (Biberach, Germany).
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4.2- Methods
4.2.1- Synthesis and chemical characterization

4.2.1.1- Synthesis of chemicals related to “drug sponge” projects

o [e]
[e]
Cratar Ho CigH H
/ 18Ma7 Boc N CigHgr H
HN — 7 N/ / N CigH
\ N — N N » 1gHa7
CigHaz \ H \ H2N/ N/
o CraHr o CigHar \
1 2 o 3 CigHaz
929% 62% 93%

Compound 1. To the solution of succinic anhydride (192 mg, 1.92 mmol) in THF (20 mL) was
added dioctadecylamine (500 mg, 0.96 mmol), then mixture was refluxed overnight under argon
atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
recrystallization from dioxane to give desired product as a colorless solid (550 mg, 92%). 1H NMR
(400 MHz, CDCI3) 6 ppm 11.72 (1H, bs), 3.34 (4H, t), 3.19 (4H, t), 1.56 (4H, bs), 1.24 (60H, bs),
0.86 (6H, t). MS for [C40H79NO3 — H']" m/z (M-1) calc. 620.61, found 620.60.

Compound 2. To the solution of 1 (500 mg, 0.080 mmol) in DMF (10 mL), tert-butylcarbazate
(159 mg 1.21 mmol), PyBOP (630 mg, 1.21 mmol), and DIPEA (1.11 mL, 6.4 mmol (8 eq)) were
added and stirred at room temperature overnight under argon atmosphere. The solvent was
evaporated in vacuo, then resulting residue was purified by flash column chromatography on silica
gel (eluent EtOAc/Hepane 50:50) to give desired product as a colorless solid (365 mg, yield 62%).
1H NMR (400 MHz, CDCI3) & ppm 8.14 (1H, bs), 6.36 (1H, bs), 3.29 (2H, t), 3.21 (2H, 1), 2.68
(2H, t), 2.58 (2H, t), 1.53 (13H, bs), 1.20 (60H, bs), 0.88 (6H, t). MS for [CasHsaN304+H]" m/z
(M+1) calc. 736.69, found 736.69.

Compound 3 (LipoHD). To the solution of 2 (350 mg, 0.48 mmol) in DCM (10 mL), TFA (10
mL) and 2 drops of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to remove
TFA and give desired product 3 as a colorless solid (362 mg). 1H NMR (400 MHz, CDCI3) 6 ppm
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7.77 (1H, bs), 3.27 (2H, t), 3.16 (2H, t), 2.65 (2H, ), 2.49 (2H, 1), 1.50 (4H,bd), 1.24 (60H, bs),
0.84 (6H, t). MS for Chemical Formula: [CaoHsiN3O2+H]" m/z (M+1) calc. 636.63, found 636.63.

o CigHa7

N
“CigHyr
O N
\

H
N ©
/

J
JCE J
QZ\ o
?7%N/F§K ) 5 (NRKhy)
Compound 4 (NRK).

To the solution of 2-hydroxy-Nile Red (150 mg, 0.45 mmol), potassium carbonate (310 mg, 2.24),
catalytic amount of potassium iodide in DMF (10 mL), (159 mg 1.21 mmol), chloroacetone (160
uL, 2.24 mmol) was added and stirred at 100 °Cfor 3 h under argon atmosphere. The solvent was
evaporated in vacuo, then resulting residue was washed by brine. The organic layer was dried over
MgSOs, filtered and evaporated in vacuo. The residue was purified by flash column
chromatography on silica gel (eluent DCM/MeOH = 98:2) to give desired product as a violet solid
(132 g, yield 75%). 1H NMR (500 MHz, CDCI3) 8.24-8.22 (d, J=10.4 Hz, 1H), 7.99-7.96 (d, J =
3.6 Hz, 1H), 7.21-7.18 (q, J=11.6 Hz, 1H), 6.66-6.63 (q, J=10.8 Hz, 1H), 6.43-6.42 (d, J=2.8 Hz,
1H), 6.28 (s, 1H), 4.74 (s, 1H), 3.46-3.43 (q, J=24.3 Hz, 4 H), 2.36 (s, 3 H), 1.27-1.24 (t, J=13.9
Hz, 6H). MS (ESI+) calc. 391.16 C23H22N204H (M+H)*, 391.164 observed.

Compound 5 (Lipo-NRK).

To the solution of LipoHD (30 mg, 0.077 mmol), in EtOH (2 mL), NRK (115 mg 0.15 mmol),
triethylamine (22 pL, 0.15 mmol) was added and refluxed for 3 h under argon atmosphere. The
solvent was evaporated in vacuo, then resulting residue was purified by puriflash HPLC (eluent
DCM/MeOH =98:2 to 96:4) to give desired product as a violet solid (50 mg, yield 65%). 1H NMR
(500 MHz, CDCI3) 8.69 (s, 1H), 8.63 (d, J = 7.0 Hz, 1H), 8.39 (s, 1H), 7.73-7.70 (d, J=8.1 Hz,
1H), 7.08-7.06 (d, J=9.3 Hz, 1H), 6.51 (s, 1 H), 6.20-6.19 (d, J = 8.1 Hz, 1H), 6.10 (s, 1H), 4.3 (s,
1H), 3.44 — 3.39 (m, J = 29.1 Hz, 3H), 3.30-3.22 (m, J= 33.7 Hz, 1H), 3.08-3.04 (m, J = 19.8 Hz,
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2H), 2.82 — 2.68 (q, J = 47.7 Hz, 5H), 2.54-2.39 (m, J = 57.0 Hz, 1H), 1.89 (s, 1H), 1.63-1.48 (m,
J=67.5 Hz, 4 H), 0.94-0.90 (t, J = 12.8 Hz, 6H), 0.78- 0.74 (t, J=12.4 Hz, 6H), 1.36-1.25 (m, J=47.7
Hz, 63 H). MS (ESI+) calc. 1009 CesHi01NsOsH (M+H)*; 1008.79 observed,1008.78 cal.
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Synthesis of Compound 6 (Lipo-Dox)

To the solution of doxorubine/hydrochloride (40 mg, 0.069 mmol), in MeOH (45 mL) and DCM
(5 mL), compound 3 (57 mg 0.09 mmol), TFA (50 pL) was added and stirred overnight under
argon atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
flash column chromatography on silica gel (eluent DCM/MeOH/triehylamine = 85:14: 1) to give
desired product as a red solid (45 mg, yield 25%).

1H NMR (500 MHz, CDCI3) 8.01 (m, J=8.0 Hz, 1H), 7.74 (m, J=7.7 Hz, 1H), 7.35 (m, J = 7.4
Hz, 1H), 5.49 (s, 1H), 5.26 (s, 1H), 4.75 - 4.57 (m, J=4.7 Hz, 2H), 4.05 (d, J = 4.1 Hz, 4H), 3.48
(s, 1H), 3.38 — 3.18 (m, J = 3.3 Hz, 6H), 3.18 — 2.89 (M, J = 3.0 Hz, 3H), 2.79 - 2.61 (m, J= 2.7
Hz, 2H), 2.52 (d, J = 2.52 Hz, 1H), 2.37 — 2.12 (m, J = 2.2 Hz, 1H), 1.81 - 1.64 (m, J = 1.7 Hz,
2H), 1.55 (d, J = 1.6 Hz, 4H), 1.27 (s, 63 H), 0.89 (t, J = 0.9 Hz, 6H). MS (ESI+) calc. 1162
Cg7H110N4013H (M+H)*; observed,1161.8.
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Compound 7
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To the solution of Boc-B-Ala-OH 190 mg (1.1 mmol) in DMF (10 mL) was added
dioctadecylamine (388 mg, 0.062 mmol), PyBOP (500 mg, 0.96 mmol), and DIPEA (1.11 mL, 6.4
mmol (6 eq)) were added and stirred at room temperature overnight under argon atmosphere. The
solvent was evaporated in vacuo, the resulting residue was purified by flash column
chromatography on silica gel (eluent EtOAc/Hepane 50:50) to give desired product as a colorless
solid (268 mg, yield 75%).

'H NMR (400 MHz, CDCI3) 5.36 (s, 1H), 3.41 (p, J=11.3, 6.0, 2H), 3.30 - 3.21 (t, 2H), 3.20 - 3.11
(t, 2H), 2.48 (t, J=5.5, 2H), 1.50 (m, J=6.7, 6H), 1.42 (s, 9H), 1.25 (s, 64H), 0.87 (t, J=6.9, 6H).
13C NMR (101 MHz, CDCI3) & 170.42, 77.32, 77.21, 77.01, 76.69, 48.03, 46.24, 36.63, 31.93,
29.71, 29.66, 29.63, 29.59, 29.56, 29.52, 29.36, 29.27, 28.63, 27.56, 27.06, 26.89, 22.69, 14.10.
MS (ESI+) cal. 692.68 CasHgsN20O3 and 715.68 (M+Na)*, observed, 715.6702.

Compound 8 (LipoAmine)

To the solution of 7 (268 mg, 0.39 mmol) in DCM (5 mL), TFA (5 mL) and 2 drops of MiliQ
water were added and stirred at room temperature for 2 hours. After confirming the reaction
completely proceeded with TLC, the solvents were evaporated under reduced pressure, and then
the residue was dissolved in MeOH and evaporated 3 times to remove TFA and give desired

product 3 as a colorless solid (214 mg).

1H NMR (400 MHz, CDCI3) 3.60 (s, 1H), 3.34-3.20 (m, 4H), 3.21-3.10 (t, 2H), 2.74 (s, 2H), 1.63-
1.42 (m, 4H), 1.25 (s, 64H), 0.88 (t, J=6.9, 6H). 13C NMR (101 MHz, CDCI3) & 170.58, 77.48,
77.36, 77.16, 76.84, 48.18, 46.39, 36.79, 32.08, 29.87, 29.82, 29.78, 29.74, 29.71, 29.68, 29.52,
29.42, 28.78, 27.72, 27.21, 27.05, 22.84, 14.26. MS (ESI+) calc. 592.63 C39HsoN20O and 593.63
(M+H)*, observed, 593.6339.

4.2.1.2- Synthesis of chemicals related NEs functionalization project

Compound 9
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To a solution of PEG3000 amine (100 mg, 0.033 mmol) and biotin (24 mg, 0.1 mmol) in DMF,
HATU (30 mg, 0.079 mmol) and TEA (60 uL) were added. The reaction mixture was stirred under
40 °C overnight. The resulting solution was then concentrated in vacuum and purified by dialysis
in water (dialysis membrane molecular cut off weight: 2000 Da). After dialysis, 110 mg product

in the form of light-yellow lipid was obtained after evaporation.
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IH NMR (400 MHz, MeOH 4D) § 4.37 (d, 1H), 4.21 (d, 1H), 3.46 (s, ~268H), 3.32 — 3.24 (m, 2H),
3.32 —3.23 (m, 2H), 3.11-3.07 (m, 2H), 2.85 — 2.74 (m, 2H), 2.59 (d, 1H), 2.06 (d, 2H), 1.51 (dd,
7.3 Hz, 2H), 1.28 (s, 9H).

Compound 10

Compound 9 (110 mg) was vigorously stirred in 20% TFA/DCM solution for 3 h. The reaction
solution was then concentrated and dried in vacuum to afford compound 2 (93 mg) as light-yellow

lipid.

0
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'H NMR (400 MHz, MeOD) § 4.42-4.39 (q, 1H), 4.23-4.21 (g, 1H), 3.54 (m, ~268H), 3.36-3.35
(t, 2H), 3.23-3.25 (t, 2H), 3.14-3.09 (m, 3H), 2.86-2.81 (q, 1H), 2.63-2.60 (d, 1H), 2.14-2.10 (t,
2H), 1.69-1.46 (m, 4H), 1.38-1.42 (t, 2H).
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To asolution of 10 (50 mg, 0.016 mmol) and Boc-lysine-OH (12 mg, 0.05 mmol) in DMF, HATU
(15 mg, 0.04 mmol) and TEA (30 uL) were added. The reaction mixture was stirred under 40 °C
overnight. The resulting solution was then concentrated in vacuum and purified by dialysis in water
(dialysis membrane molecular cut off weight: 2000 Da). After dialysis, 53 mg product in the form

of colorless lipid was obtained after evaporation.

'H NMR (400 MHz, MeOH, 4D) & 4.51-4.47 (g, 1H), 4.33-4.30 (g, 1H), 4.01-3.95 (m, 1H), 3.79-
3.34 (m, ~272 H), 3.26-3.21 (d, 2H), 3.04-3.01 (t, 3H), 2.96-2.91 (g, 1H), 2.73-2.70 (d, 1H), 2.24-
2.20 (t, 2H), 1.79-1.55 (m, 8H), 1.49-1.39 (m, 22H).

Compound 12
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Compound 11 (53 mg) was vigorously stirred in 1 mL 20% TFA/DCM solution for 3 h. The
reaction solution was then concentrated and dried in vacuum to afford compound 4 (46 mg) as

light-yellow lipid.

IH NMR (400 MHz, MeOD) § 4.54-4.51 (d, 1H), 4.35-4.32 (d, 1H), 4.0-3.97 (t, 1H), 3.75 — 3.41
(m, ~200 H), 3.24-3.21 (m, 1H), 3.15-3.05 (t, 2H), 2.98-2.93 (dd, 1H), 2.75-2.72 (d, 1H), 2.27-
2.23 (t, 2H), 1.94-1.92 (g, 2H), 1.91-1.60 (m, 6H), 1.59-1.45 (q, 2H), 1.39-1.37 (m, 2H).

di-ion and tri-ion Ci4sH28sN6Oes (3187.92) Mass detected: 1617.70 and 1086.09 (calc.:
(M+2Na")/2=1616.96 and (M+3Na")/3= 1085.64).

Synthesis of NPC-Chol was done as described elsewherel*¢4],

4.2.1.3- Synthesis of targeting hydrazide compounds
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Compound 1a was prepared as described previously 31,

Compound 2a. 400 mg of compound 1a were dissolved in 7 mL of dry CH3CN together with 589
mg (3.5 equiv., 794 pL) of DIPEA. After that, a solution of 196 mg (1.5 eq.) of succinic anhydride
3 mL of dry CH3CN was added dropwise and the resulting mixture was stirred for 12h (control by
TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo and the crude
product was purified by column chromatography (SiO2, DCM:MeOH:HCOOH 80:20:2).Yield:
550 mg as a colourless solid (DIPEA salt is present, its signals are not presented). *H NMR (400
MHz, MeOH-D4) ¢ ppm 3.49 (2H, dt), 3.36 (2H, dt), 2.86 (2H, sext), 2.68 (2H, pentet), 2.58 (2H,
t), 2.06 (2H, dpentet), 1.65 (2H, dpentet), 1.30 (18 H, bs), 0.89 (3H, t). Splitting of d, f, g was due
to presence of amide rotamers, which disappeared under high temperature. *C NMR (400 MHz,
MeOH-D4) & ppm 176.70, 173.94, 166.88, 55.91, 54.96, 50.30, 49.15, 48.04, 47.42, 46.26, 43.89,
33.19, 30.87, 30.71, 30.61, 30.59, 30.50, 30.00, 29.16, 28.88, 28.21, 28.06, 25.58, 24.66, 23.86,
18.11, 17.85, 14.58, 13.26. Chemical Formula: [C19H3sN30sS] m/z (M) calc. 406.2263MS for m/z
[M+2H*T" found 408.2432.Compound 3a. 200 mg of compound 2a were dissolved in 3 mL of
dry DMF together with 238 mg (1.5 eq.) of HATU, 28 mg (0.5 eq.) of HOBt and 215 mg (4 eq.,
291 pL) of DIPEA under Ar atmosphere. After 5 minutes, a solution of 83 mg (1.5 eq.) of tert-
Butyl carbazate in 1.5 mL of dry DMF was added and the mixture was stirred for 24h (control by
TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo and the crude
product was purified by column chromatography (SiO2, DCM:MeOH 80:20, redone twice).Yield:
165 mg as a colourless solid (DIPEA salt is present, its signals are not presented). *H NMR (400
MHz, MeOH-D4) & ppm 3.50 (2H, dt), 3.37 (2H, dt), 2.82 (2H, dt), 2.74 (2H, pentet), 2.52 (2H,
t), 2.05 (2H, dpentet), 1.64 (2H, dpentet), 1.47 (9H, ts), 1.30 (18H, bs), 0.91 (3H, t). 13C NMR (400
MHz, MeOH-D4) 6 ppm 174.98, 174.92, 173.85, 173.72, 158.11, 157.95, 82.18, 81.96, 56.01,
50.01, 49.15, 48.06, 47.46, 46.30, 43.96, 33.19, 30.87, 30.71, 30.64, 30.59, 30.26, 30.04, 29.39,
29.23, 28.87, 28.71, 28.25, 28.09, 25.62, 24.50, 23.85, 18.89, 17.45, 14.57. HRMS for Chemical
Formula: [C22H4sN307S] m/z (M) calc. 520.3056, found 520.3051.
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Compound 4a (PM-HZ). To the solution of 3a (165 mg, 0.31 mmol) in DCM (5 mL), TFA (5
mL) and 1 drop of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to remove
TFA and give desired product 4a as a colorless solid (153 mg) (DIPEA salt is present, its signals
are not presented).!H NMR (400 MHz, MeOH-D4) § ppm 3.53 (2H, dt), 3.39 (2H, dt), 2.80 (4H,
m), 2.59 (2H, pentet), 2.06 (2H, dpentet), 1.65 (2H, dpentet), 1.30 (18H, bs), 0.91 (3H, t). 13C
NMR (400 MHz, MeOH-D4) 6 ppm 173.94, 173.91, 166.88, 55.91, 54.96, 50.30, 49.15, 48.04,
47.42, 46.26, 43.89, 33.19, 30.87, 30.71, 30.61, 30.59, 30.50, 30.00, 29.16, 28.88, 28.21, 28.06,
25.58, 24.66, 23.86, 18.11, 17.85, 17.67, 14.58, 13.26. HRMS for Chemical Formula:
[C19H38N30sS] m/z (M) calc. 420.2532, found 420.2534.
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Compound 1b. 500 mg of (3-carboxypropyl)triphenylphosphonium bromide were dissolved in 8
mL of dry DMF together with 465 mg (1.05 eq.) of HATU and 450 mg (3 eq., 610 pL) of DIPEA.
After 5 minutes, a solution of 161 mg (1.05 eq.) of tert-Butyl carbazate in 2 mL of dry DMF was
added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the
reaction the solvent was evaporated in vacuo, then the solid residue was dissolved in MeOH and
precipitated with Et2O, filtered and washed with Et,O (redone twice). After that, the solid residue
was dissolved in DCM, washed with water (x2) and brine, dried over Na2SO4 and the solvent was
evaporated in vacuo. The crude product was purified by gradient column chromatography (SiO2,
DCM:MeOH 90:10 to 80:20).Yield: 70 mg as a colourless solid. *H NMR (400 MHz, MeOH-D4)
§ ppm 7.82 (15H, m), 3.52 (2H, t), 2.48 (2H, t), 1.99 (2H, q), 1.47 (9H, s). 3C NMR (400 MHz,
MeOH-D4) 6 ppm 174.30, 158.09, 136.48, 136.46, 135.01, 134.93, 131.74, 131.64, 120.23, 119.54,
82.16, 49.15, 34.38, 34.23, 28.68, 22.27, 21.84, 19.98. HRMS for Chemical Formula:
[C27H32N203P*] m/z (M) calc. 463.2151, found 463.2657.
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Compound 2b (Mito-HZ). To the solution of 1b (70 mg, 0.15 mmol) in DCM (2 mL), TFA (2
mL) and 1 drop of MiliQ water were added and stirred at room temperature for 2 h. After
confirming the reaction completely proceeded with TLC, the solvents were evaporated under
reduced pressure, and then the residue was dissolved in MeOH and evaporated 3 times to remove
TFA and give desired product 4a as a colorless solid (54 mg).*H NMR (400 MHz, MeOH-D4) §
ppm 7.83 (15H, m), 3.47 (2H, t), 2.61 (2H, 1), 2.01 (2H, q). 3C NMR (400 MHz, MeOH-D4) §
ppm 136.58, 136.55, 135.01, 134.91, 131.81, 131.68, 131.49, 120.17, 119.30, 117.60, 114.77,
49.15, 22.67, 22.15, 19.25. HRMS for Chemical Formula: [C22H24N20P*] m/z (M) calc. 363.1626,
found 363.2060. This compound was further characterized by RP-HPLC by using C4 column
(diameter 4.6 mm, length 250 mm, 5 UM pore size) at flow rate of 1 mL/min, 45 °C, 50% /50% of
water/acetonitrile on an Agilent 1290 Infinity 11 LC System.

o o)
Ltz v C8H17 NH,NHBoc H CgHyy  TFA H CgH
HN ———> Bocy N N . _N /8T
H,N N
“CgH CH CN PyBOP H N DCM 2 \
s DIPEA o CaH17 o CaH17

DMF 2% 3¢

Compound 1c. To the solution of succinic anhydride (192 mg, 1.92 mmol) in THF (20 mL) was
added 1,1-Dioctylamine (250 mg, 1.04 mmol), then mixture was refluxed overnight under argon
atmosphere. The solvent was evaporated in vacuo, then resulting residue was purified by
recrystallization from dioxane to give desired product as a colorless solid (243 mg, 68 %). *H NMR
(400 MHz, CDCl3) & ppm 3.20 (4H, t), 2.62 (4H, t), 1.50 (4H, bs), 1.21 (20H, bs), 0.82 (6H, t). *C
NMR (400 MHz,CDCls3) & ppm 176.48, 171.97, 77.23, 53.61, 48.36, 47.72, 46.67, 31.97, 31.92,
31.90, 30.48, 29.53, 29.46, 29.41, 29.36, 29.30, 29.24, 29.02, 28.33, 27.86, 27.21, 27.08, 26.94,
25.97, 22.80, 22.78, 14.24, 14.22. HRMS for Chemical Formula [C20H33sNOs] m/z (M) calc.
341.2929, found m/z for [M"+2Na'— H*]* 386.3101.

Compound 2c. To the solution of 1c (243 mg, 0.71 mmol) in DMF (10 mL), tert-butylcarbazate
(159 mg 1.21 mmol), PyBOP (630 mg, 1.21 mmol), and DIPEA (1.11 mL, 6.4 mmol (9 eq)) were
added and stirred at room temperature overnight under argon atmosphere. The solvent was
evaporated in vacuo, then resulting residue was purified by flash column chromatography on silica
gel (eluent EtOAc/Hepane 50:50) to give desired product as a colorless solid (163 mg, yield 50%).
'H NMR (400 MHz, CDCl3) & ppm 3.22 (4H, t), 2.58 (4H, t), 1.46 (13H, ms), 1.20 (20H, bs), 0.78
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(6H, 1). **C NMR (400 MHz,CDCl3) & ppm 172.38, 171.01, 155.21, 81.17, 77.00, 60.33, 56.88,
53.43, 49.97, 47.84, 46.52, 46.17, 31.68, 31.63, 29.26, 29.17, 29.12, 29.07, 28.67, 28.23, 28.10,
28.04,27.91, 27.60, 26.94, 26.87, 26.79, 26.73, 22.50, 22.48, 13.86. HRMS for Chemical Formula
[C20H39NOs]” m/z (M) calc. 455.3723, found m/z for [M+Na*]* 478.4062. Compound 3¢ (LD-
HZ). To the solution of 2¢ (163 mg, 0.48 mmol) in DCM (10 mL), TFA (10 mL) and 2 drops of
MiliQ water were added and stirred at room temperature for 2 h. After confirming the reaction
completely proceeded with TLC, the solvents were evaporated under reduced pressure, and then
the residue was dissolved in MeOH and evaporated 3 times to remove TFA and give desired
product 3c as a colorless solid (158 mg). *H NMR (400 MHz, CDCls) éppm 3.22 (2H, t), 2.68 (2H,
t), 2.56 (2H, t), 1.50 (4H, bd), 1.24 (20H, bs), 0.87 (6H, t). Splitting of protons of ¢, d and e, f were
due to presence of amide rotamers; the splitting disappeared under high temperature. *3C NMR
(400 MHz, CDCls) 172.99, 171.69, 77.48, 77.16, 76.84, 48.56, 46.90, 31.91, 31.86, 29.42, 29.33,
29.30, 28.69, 27.64, 27.10, 27.01, 22.72, 14.16, 14.15. 3HRMS for Chemical Formula:
[C20H41N302] m/z calc. 355.3199, found m/z (M+Na*) 378.3163.

4.2.2- Instruments

4.2.2.1- Spectroscopy

Absorption spectra were recorded on a Cary 4000 Scan ultraviolet—visible spectrophotometer
(\Varian). Emission spectra were recorded on a FluoroMax-4 spectrofluorometer (Horiba Jobin
Yvon) or Edinburgh FS5 spectrofluorometer equipped with a thermostated cell compartment,
respectively. For standard recording of fluorescence spectra, the emission was collected 10 nm
after the excitation wavelength. All the spectra were corrected from the lamp fluctuations and
wavelength-dependent response of the detector. NMR spectra were recorded on a Bruker Avance
11 400 MHz spectrometer. Mass spectra were obtained using an Agilent Q-TOF 6520 mass
spectrometer. All error bars correspond to standard deviation of the mean. Statistical analysis was
based on the one-tailed T-test, using Microsoft Excel.

4.2.2.2- Dynamic light scattering and zeta potential measurements

The hydrodynamic diameters and polydispersity index (PDI) of the NEs were measured, in
triplicate, by dynamic light scattering (DLS) along with zeta potential measurement using a
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Malvern Zetasizer Nano ZS instrument (Malvern Instruments, Orsay, France), equipped with a
helium—neon laser (4 mW) operating at 633 nm, with a scatter angle of 173° and the temperature
maintained at 25 °C. Measurements of zeta potentials were performed under similar dilution

conditions (60 pL in 1 mL, 5mM NacCl), to ensure the comparability between the different samples.
4.2.2.3- Microscopy

The confocal laser scan images were recorded with Leica Application Suite. Epi-fluorescence
images were obtained from a microscope produced by Nikon Instruments Europe B.V. Cell images
were processed using ImageJ 1.52a software (NIH, Bethesda, MD, USA). Transmission and
fluorescence images were taken using Nikon Ti-E inverted microscope, equipped with CFI Plan
Apo x60 oil (numerical aperture = 1.4), 20x air objective Nikon CFI Plan Apo, NA = 0.75 or 10x

air objective Nikon Plan Fluor NA = 0.3 and a Hamamatsu Orca Flash 4 SCMOS camera.
4.2.2.4- 3D printing

Form 3, 3D printer (Formlabs) was used for 3D printing. Stent prototype (1cm width, 3 cm height)
that mimics the vascular medical stents was designed with FreeCAD parametric 3D modeler
software (STL file is available upon request). Clear V4 resin (Formlabs) was used for 3D printing.
After the 3D printing, polymer stents were rinsed with isopropyl alcohol to get rid of the excess

resin and exposed under UV light for 30 minutes.
4.2.3- Preparation of NEs

4.2.3.1- General protocol for cargo-loaded nanoemulsions (NEs) formulation

All NEs used in present studies were produced by spontaneous nanoemulsification, the cargo (dyes,
LipoHD, LipoAmine or NPC-Chol) were dissolved in LabrafacWL® (50 mg) and homogenized
under magnetic stirring at 40 °C for 10 mins. Then, the surfactant Cremophor ELP® (also called
Kolliphor ELP®) was added (50 mg), and the mixture was homogenized under magnetic stirring
at 40 °C for 10 min up to complete homogenization. Finally, NEs were generated with the addition
of ultrapure (Milli-Q) water (230 mg) and shaking at 1400 rpm.
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4.2.3.2- Preparation of NEs (for chapter 2.1)

NEs for drug sponge study were produced by following process: the cargo (dyes, LipoHD and/or
Pro-NRK) were dissolved in LabrafacWL® (50 mg). In order to prepare NEs containing different
portions of cargoes, they were firstly dissolved fully into labrafac WL® (50mg) and homogenized
under magnetic stirring at 40 °C for 10 mins. Then, the surfactant Cremophor ELP® (also called
Kolliphor ELP®) was added (50 mg), and the mixture was homogenized under magnetic stirring
at 40 °C for 10 min up to complete homogenization. Finally, NEs were generated with the addition

of ultrapure (Milli-Q) water (230 mg). Stability of loading and pH-controlled release.
4.2.3.3- Preparation of NEs (for chapter 2.2)

LipoAmine containing NEs were prepared in the following sequence: firstly dissolve 3 mg
LipoAmine in 50 uL DCM, then, 50 mg of both LabrafacWL® and surfactant Cremophor ELP®
(also called Kolliphor ELP®) was added, the mixture was homogenized and homogenized under
magnetic stirring at 40 °C for 10 min, followed by DCM evaporation under vacuum. Finally, NEs
were generated with the addition of ultrapure (Milli-Q) water (230 pL) mixed by a thermo-shaker
at the speed of 1400 r/min under 40 °C. For in situ reaction, 30 pL of this LipoAmine NEs was
used to react with 5 uL PA (3 mM) in 1 mL ultrapure (Milli-Q) water under 40 °C. The molar ratio
of LipoAmine to PA was calculated to be 30 to 1. Control group was conducted by mixing 30 puL
empty NEs with 5 uL PA (3 mM). The reaction was monitored by fluorescence spectrum under
the excitation wavelength of 380 nm and 420 nm, end point was indicated by the total blue shift

of the absorption spectrum (4 hours).
4.2.3.4- Preparation of NEs (for chapter 2.3)

NPC-Chol containing NEs were produced by following process: the cargo (3 mg NPC-Chol and
certain percentage of dyes, 1% of Cy5.5-TPB, 1% of DiD-TPB, 1 % of Dil-TPB or 1 % of Cy5.5-
TPB in cases of dye-loaded NEs) were dissolved in Vitamin E acetate (50 mg) and placed in
sonication bath at 40 °C for 10 min. Then, the surfactant Kolliphor ELP® was added (50 mg), and
the mixture was homogenized under magnetic stirring (400 rpm) under 40 °C for 10 min to
complete homogenization. Finally, NEs were generated by addition of 40 °C ultrapure (Milli-Q)
water (230 uL) on a heat-shaker (1400 rpm, 40 °C).
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4.2.3.4.1- Preparation of NEs with biotin surface (Biotin-NESs)

In situ reaction of NPC-Chol (3 mg) loaded NEs (330 mg) with (or without for control) 50 mg
biotin-PEG-lysine were conducted by mixing them to final volume of 1 mL by pH 8.5 buffer and
vortexing at speed of 500 rpm over 24 hours under 40 °C. After reaction, 5 pL ethanolamine were
added. The mixture was incubated further for 4 hours to consume the excess NPC-Chol.
Absorbance scans were checked after reaction and after adding ethanolamine in order to calculate
the reaction ratio. Neutralized (control) NEs group was prepared by mixing NPC-Chol (3 mg)
loaded NEs with excess of ethanolamine to final volume of 1 mL of pH 8.5 buffer. Dialysis using
membrane (Mw 14 000 Da) in Milli-Q water was conducted in the end, to remove the side product
nitrolphenol.

4.2.3.4.2- Functionalization of NEs with antibody surface

DiD-TPB (1% in oil) loaded Biotinylated-NEs were mixed with Neutravidin (67 pM) and
incubated in room temperature for 3 h. Then, the mixture was added by biotinylated cetuximab
(33 uM) and incubated in room temperature for 5 hours. After this process, the sample was

subjected to size exclusion purification.
4.2.3.4.3- Size exclusion chromatography

Sephacryl S-300 High Resolution resin (in ethanol) was used for the size exclusion purification of
NEs functionalized with an antibody. Column loading and was performed as listed in the
instruction of the provider. Briefly, the resin was filled in 1.5 cm diameter (30 cm) column, then,
ethanol was flowed by pH 7.4 PBS buffer at speed of 150 cm/h for 3 column volumes. Then, the
tap of the column was closed and placed still overnight. Then, 100 uL of sample was loaded to the
column and eluted at speed of 150 cm/h, fractions were collected by Fraction Collector Frac-920
(2 mL/fraction).

4.2.3.5- Preparation of liposomes (for chapter 2.4)

A stock solution of lipid(s) composed of DOPC (dioleoylphosphatidylcholine) in chloroform was
placed into a round-neck flask, after which the solvent was evaporated in vacuo and phosphate
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buffer (20 mM, pH 7.4) was added. After all solids were dissolved in PBS, a suspension of
multilamellar vesicles was extruded by using a Lipex Biomembranes extruder (Vancouver,
Canada). The size of the filters was first 0.2 um (7 passages) and thereafter 0.1 um (10 passages).
This generates monodisperse LUVs (Large Unilamellar Vesicle) with a mean diameter of 0.12 um
as measured with a Zetasizer NanoZS (Malvern Instruments, Orsay, France). The final DOPC

concentration in the LUVs was calculated to be 1 mM.
4.2.4- pH dependent cargo release

4.2.4.1- pH dependent release of Lipo-NRK

In order to prove that LipoHD modified NRK (Lipo-NRK) is more lipophilic and resistant to
leakage than NRK, the conjugate was first synthesized chemically and used for the release model
study. For NRK and Lipo-NRK release model study, five formulations were prepared: NRK with
and without F888, Lipo-NRK with and without F888 and F888 alone. The concentration of each
dye in labrafacWL® was 10 mM. The condition for testing the dye stability in the presence of
empty NEs was created by mixing 100 uL 100 times diluted dye-loaded NEs (by mixing 10 pL
NEs with 990 uL distilled water) with 10-fold excess of blank NEs (10 pL), which acted as the
acceptor medium for the released dyes. The pH dependent release of LipoNRK was conducted by
using buffers of ranging pH from pH 5 to pH 7.4 prepared by mixing different portion of acetate
buffer (pH 4) with phosphate buffer (pH 7.4) during mixing with 10-fold excess of blank particles.
Fluorescence of the sample was tested at several time points (5, 10, 15, 30, 60, 120, 240 and 480
min). Fluorescence intensity ratio of F888 and NRK (taken at 453 and 603 nm, respectively) under
the excitation wavelength of 405 nm was measured. All the spectra were corrected by subtracting

the blank corresponding to the empty NEs.
2.2.4.2- Lipo-Dox NEs pH dependent release study

To monitor the pH-controlled release of Dox, we used FRET technique similar to that used for
Nile Red derivative NRK. Cy5/Lipo-Dox NEs were prepared by in situ reaction of NEs containing
90 mM LipoHD and 0.95 mM of DiD (Cy5) in LabrafacWL® for 6 h and for dialysis to remove
unreacted Dox. The obtained Cy5/Lipo-Dox NEs were mixed with 10-fold excess of blank nano-

droplets and the emission spectra were recorded as a function of time at a range of pHs from pH 5
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to pH 7.4 prepared by pH 7.4 (phosphate buffer) and pH 4 (acetate buffer). Finally, in order to test
the compatibility with cell experiments media, PBS with pH 7.4 and pH 5 adjusted with acetic acid
as well as 10% serum were also tested in similar manner. Fluorescence intensity ratio of Cy5 and

Dox (peaks at 670 and 600 nm, respectively) under the excitation at 520 nm was measured.
4.2.4.3- pH dependent release of PA-LipoAmine

100 pL of PA-LipoAmine NEs (formed after 4 hours of in situ reaction under 40 °C) was mixed
with 10 pL empty NEs as PA acceptor in 1 mL pH adjusted phostate buffer with pH of 4, 6, 7.4.
Emission scan under the excitation wavelength of 380 nm was used to monitor the degradation

process on time points of 1 min, 15 min, 30 min, 60 min and 120 min.
4.2.5- In situ reaction study

4.2.5.1- In situ formation of Lipo-NRK detected by FRET

The evaluate the in situ reaction inside NEs, NRK was used as a model drug. 300 pL of NEs
prepared from LabrafacWL® containing LipoHD (90 mM) and Kolliphor ELP® was mixed with
12.6 pL of 47 mM NRK and 300 pL of pH 4 acetate buffer and reacted for 6 h (rt). Then, the
emulsion was extracted by 600 pL dichloromethane. TLC was used to examine the content in the
organic phase compared with pure Lipo-NRK. Dichloromethane:MeOH=95:5 was used as the
mobile phase for TLC. With the help of F888 as energy donor, the reaction was monitored by the
FRET efficiency between F888, the FRET donor, and NRK, the acceptor. NEs prepared from
LabrafacWL® containing F888 (10 mM) and LipoHD (90 mM) were used for the reaction. NEs
prepared from LabrafacWL® containing only F888 (10 mM) were used as a control. The reaction
was initiated by adding 300 pL of pH 4 acetate buffer along with 12.6 pL of 47 mM NRK. The
reaction was diluted at different time points by mixing 10 pL of the reacted solution with 990 pL
of pH 7.4 phosphate buffer. Then 100 pL of this diluted solution was mixed with 10 pL empty
NEs and 880 uL milliQ water, and the emission spectrum was measured under the excitation
wavelength of 405 nm. The fluorescence intensity ratio of peak at 450 and 600 nm was calculated
from the spectrum. All the spectra were corrected from the blank by subtracting the corresponding

spectrum of empty NEs.
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4.2.5.2- In situ formation of Lipo-Dox conjugate detected by FRET

Doxorubicine (Dox), an anti-tumor drug, was also tested by this in situ pro-drug formation system.
Similarly, 300 mL of NEs prepared from LabrafacWL® containing LipoHD (90 mM) were mixed
with 300 pL acetate buffer (pH 4) along with 10 uL of Dox-HCI (150 mM). In the control
experiment NEs without LipoHD were used. The mixtures were vortexed for 24 h at 37 °C. The
resulting solutions were dialyzed in 500 mL of 0.1 M NaHCOs for 24 h. After the dialysis,
encapsulation efficiencies were tested based on the absorbance at 500 nm of the NEs solution
before and after dialysis using 100 fold diluted reaction solution. Afterwards, NEs containing 90
mM LipoHD and 0.95 mM of DiD (Cy5) in LabrafacWL® were prepared to monitor the reaction
by FRET. To start the reaction, 10 pL of 150 mM Dox-HCI solution in DMSO were added to 330
pL of NEs along with 300 uL pH 4 buffer, control was conducted with NEs containing only 0.95
mM of Cy5 in LabrafacWL®. To study the in situ reaction kinetics, the reaction at different time
points was quenched with 100 fold of phosphate buffer (pH 7.4). Then, 100 pL of this diluted
solution were mixed with 10 pL of empty NEs and 980 pL milliQ water. The reaction was
examined by measuring the fluorescence intensity ratio of Cy5 and Dox at 670 and 600 nm,
respectively, under the excitation wavelength of 520 nm. After the reaction, the mixture underwent
dialysis for 24 hours. UV absorption was used to determine the encapsulation ratio of Dox in the
form of Lipo-Dox. NEs with the same concentration of Cy5 but without LipoHD were used as a
control in the same protocol above. the same concentration of Cy5 with the reaction group after

dialysis was prepared.
4.2.5.3- Identification of formed PA-LipoAmine

The reacted NEs (30 puL LipoAmine NEs reacted with 5 uL 3 mM PA in 1 mL Milli-Q water)
were mixed with excess of NaBH4 (1.2 mg) for 2 hours to reduce the formed proton sensitive
imine into stable amine. Control groups (30 pL Empty NEs added by 5 pL 3 mM PA in 1 mL
Milli-Q water) were treated with the same reduction process. After this process, samples before
and after the reduction were extracted by DCM and distilled water. The organic phase was
collected for TLC analysis (DCM:MeOH = 9:1). The novel blue point, which appeared in the PA-
LipoAmine reduced extraction, was collected and extracted by MeOH and sent for mass analysis
for the identification of the reduced product of PA-LipoAmine.
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4.2.5.4- ldentification of in situ reaction product of NPC-Chol with

ethanolamine

100 pL of NPC-Chol containing NEs were added (or not for control) by 5 pL (50 times excess)
ethanolamine and added by pH 8.5 Phosphate buffer to final volume of 500 uL, Reaction was
conducted in a heat-shaker vortexed at speed of 500 rpm over 6 hours under 40 °C. Absorption
scan of 100 times diluted solution was checked after the reaction of reaction and control group.
For the reaction group, the resulting solution was dialyzed (Membrane cut off size of 14 KDa) in
Milli-Q water for 24 hours with changing of medium every 8 hours. After this process, the solution
was extracted by 500 uL DCM by centrifugation. Organic phase was examined by mass

spectrometry.

4.2.6- Preparing of Antibody NEs (for chapter 2.3)

4.2.6.1- Conjugation of Abs with biotin Experiment General Remarks

Conjugation experiments were carried out in the Eppendorf, DNA low-binding tube 1.5 mL at
atmospheric pressure at room temperature unless otherwise stated. All buffer solutions were
prepared with deionised water and filter-sterilised prior to use. Borate buffer was prepared from
25 mM sodium tetraborate, 25 mM NaCl, and 1 mM EDTA at pH 8.1 or 8.4. Phosphate-buffer
saline (PBS) was 140 mM NaCl and 12 mM sodium phosphate at pH 7.4. Sodium azide 0.5% (w/v)
was prepared by dissolving 5 mg of sodium azide in 1 mL of water. Ultrapure DMF (analytical
reagent grade) was purchased from Fischer Chemical. Solutions of tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) 10 mM (2.87 g/mL) were prepared in borate buffer. pH 8.5 phosphate buffer
was prepared by dissolving 3.5 g of dipotassium hydrogen phosphate and 4.5 g of sodium chloride
in 500 mL of water. pH was adjusted with diluted phosphoric acid. Ultrafiltration was carried out
in vivaspin 500 polyethersulfone (PES) membrane concentrator with a molecular weight cut-off
(MWCO) of 50 kDa or 100 kDa. Centrifugation was carried out on an Eppendorf mini spin
operating at 12 000 rpm at room temperature. cetuximab is a chimeric IgG1 full length antibody
directed against EGFR overexpresses in SKBr3 cells. The antibody was obtained from ERBITUX
as 5 mg/mL solution (ERBITUX). Concentration of antibody was determined by UV-vis
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absorbance (e2s0= 210.000 M cm™ for cetuximab mAb), adjusted to 33 uM (5.0 mg/mL) and

stored as aliquots at 4 °C.
4.2.6.2- Conjugation of cetuximab with biotin-NHS ester

The antibody-biotin conjugate was prepared through a modification of a reported protocol3!
cetuximab (32 uM, 500 pL) was prepared in the sodium carbonate buffer pH 8.4. Next, biotin-
NHS ester was prepared in DMSO (100 mM, 5 pL) and added to the cetuximab. The reaction was
incubated at r.t. overnight, rotating at 240 rpm. Afterwards, excess reagent was removed by
ultrafiltration (50 kDa MWCQ) with PBS to afford the modified antibody-biotin in PBS.
Afterward, sodium azide 0.5% (w/v) was added to make the final concentration of 0.05% (w/v)
for conservation; this agent was removed by ultrafiltration (50 KDa) before each use.

4.2.6.3- Conjugation of cetuximab-biotin with streptavidin-Cy5

Firstly, absorbance of Cy5-strepavidin (17 puM, 35 pL, 0.60 nmol) in PBS buffer (1 mL) was tested.
Then, the cetuximab-biotin (33 uM, 3 uL, 0.010 nmol) in PBS buffer (20 mM, pH 7.4) was added
Cyb-strepavidin (17 uM, 35 pL, 0.60 nmol) in PBS buffer (1 mL). The reaction was incubated at
24 °Cin a shaker 450 rpm for 2 h. Afterwards, excess reagent was removed by ultrafiltration (100

kDa MWCO) with PBS. Absorbance was measured before and after the process of ultrafiltration.
4.2.6.4- Determination of fluorophore to antibody ratio (FAR)

UV-vis spectra measurements were recorded on a Cary 4000 Scan UV-visible spectrophotometer
(\Varian) operating at room temperature. Sample buffer was used as blank for baseline correction.
Calculation of Cy5, antibody ratio (FAR) follows the formula presented below with ecetuximan =
210,000 Mt.cm for cetuximab, ess3 = 250,000 M™.cm™ for Cyanine-5 and 0.03 as a correction
factor (cf280) of the dye absorption at 280 nm. According to the absorbance spectra of Cy5-
streptavidin, Abs657=0.57, Abs280=0.34. Based on the equation Absss7=n*Cstrep*ecys NUMber of
Cy5 per streptavidin was calculated as 3.9. The absorbance of streptavidin at 280 nm was corrected
to 0.32 using the equation Abs2sostrep=Abs2g0-Abses7*Cf280. According to the equation Abszgostrep =
Cstrep™€strep, the extinction coefficient of streptavidin (eswep) Was calculated as 550 000 M*cm™.,

After filtration, according to the equation Absss7=3.9*Cstrep*€cys, the concentration of streptavidin
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was calculated to be 238 nM. Then, according to the equation of Absgostrep+Abs2gocetuximan=Abs2g0-
Abses7*Cf2g0, ADsogostrep = Cstrep™€strep N AbDs2gocetuximab = Cstrep™Ecetuximab. 1he concentration of
cetuximab was calculated as 92.1 nM, slightly decreased from the original 100 nM, this is probably
due to slight precipitation during the ultrafiltration process. FAR=Cstrep/Ccetuximab=2.8.

4.2.6.5- Biotin NEs immobilization protocol

8 well LabTek® chambers were washed 3 times with PBS and incubated with 200 pL BSA-Biotin
(0.5 mg/mL) for 5 min. Then, BSA-Biotin was removed, the chambers were washed 3 times with
PBS and replaced by 200 puL of 30000, 100000 and 300000 times diluted Biotin-NEs and
neutralized (control) NEs (300 nM). Then, the NEs were incubated in darkness under room
temperature for 30 min. For biotin block group, 200 pL of biotin (0.5 mg/mL) were added and
incubated for 30 min and washed with PBS 3 times before adding 200 pL of Biotin-NEs and
further incubated for 30 min. All samples were washed with Milli-Q water 2 times with PBS before

final measurement.
4.2.6.6- Electrophoresis

The electrophoresis was performed on 0.5% agarose gel in trisacetate EDTA (TAE). 12 uL of each
solution was added into the wells and subjected to electrophoresis for 30 -60 min at 125 V in
darkness. The gels were analyzed with a gel imager (LAS 4000) using two different channels.
Cyb-Streptavidin was monitored by excitation at 630 nm and with an emission filter at 670 nm,
FWHM 10 nm. Dil-TPB loaded NEs were monitored by excitation at 540 nm and using a bandpass
emission filter at 570 nm. The exposure time for each picture was set at 10 sec. The images were
processed and analyzed by using ImageJ software.4.2.6.6- Identification of biotinylated NEs
conjugation with Cyb-streptavidin To perform gel electrophoresis, the following solutions were
prepared: (1) Cy5-streptavidin (9 uM); (2) Biotinylated-NEs (max biotin concentration of 8 uM)
+ Cyb-streptavidin (9 uM); (3) Control NEs (750 times diluted) + Cy5-streptavidin (9 uM); (4)
biotinylated-NEs (maximum biotin concentration of 8 mM) + free biotin (200 mM)+Cy5-
Streptavidin (9 uM); (5) Biotinylated-NEs (750 times diluted, max biotin concentration of 8 uM);
(6) Control NEs (NPC-Chol containing NEs neutralized by ethanolamine, 750 times diluted); and
(7) biotinylated-NEs (maximum biotin concentration of 8 mM) + free biotin (200 mM) .

230



Materials and Methods

4.2.6.7- Evaluation of size exclusion for the purification of functional NEs

Conjugation of biotinylated-NEs loaded by Dil-TPB (1%) with Cy5-streptavidin (5 eq by volume,
17 uM) was conducted in room temperature for 5 h. In the control NEs, biotinylated-NEs were
substituted by the same volume of neutralized and dialyzed NEs (loaded with 1 wt.% Dil-TPB and
3 mg NPC-Chol, neutralized by excess of ethanolamine and dialyzed with membrane cut off size
of 14 KDa). The two samples were subjected to size exclusion chromatography (see above), then,
several fractions were checked by fluorescence spectroscopy (at Cy3 channel and Cy5 channel,
respectively) and gel electrophoresis. For Cy3 channel, excitation was conducted under
wavelength of 520 nm, emission was collected in the wavelength range of 550-750 nm, while for
Cy5 channel, excitation was conducted under wavelength of 620 nm, emission was collected in

the wavelength range of 650-750 nm.

4.2.7- Cell experiments

4.2.7.1- General protocol for cell culture

HeLa cells (ATCC) or SKBr3 cells(ATCC HTB-30) were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS), 1% antibiotic solution (penicillin
streptomycin, Gibco-Invitrogen) and 1% L-glutamine (GIBCO BRL, Life Technologies) at 37°C
in a humidified atmosphere containing 5% CO. Cells plated on a 75 cm? flask at a density of 10°

cells/flask were harvested at 80 % confluence with trypsin-EDTA (Sigma).
4.2.7.2- Cell experiments for chapter 2.1

4.2.7.2.1- Cell imaging

Hela cells (ATCC) were seeded on 12 mm coverslips at 30,000 cell per well in DMEM medium
with penicillin (100 U/mL), 1% glycan (100 U/mL) and 10 % FBS overnight. The pH of PBS was
adjusted with 1 M acetic acid and 1 M disodium phosphate to 5 and 7.4, respectively. Solution of
F888/Lipo-NRK NEs (10 mM each in labrafacWL®) or Cy5/Lipo-Dox NEs (sample from in situ
reaction) pre-diluted 100-times in milliQ water (100 pL) was added to PBS of a given pH to a final

volume of 1 mL, corresponding to 1000-times total dilution of NEs. The cells were washed 3 times
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with PBS and then the medium was replaced with a diluted solution of NEs at corresponding pH.
Control NEs, containing F888/NRK or DiD/Dox, were also used in PBS medium at pH 7.4 and
pH 5 to check the release of free NRK and Dox in cells. Cell imaging were conducted at two
different time points: 1 min and 30 min. For both time points, the samples were imaged after
washing with PBS. All cellular imaging studies were done using epi-fluorescence mode with a
Nikon Ti-E inverted microscope, equipped with CFI Plan Apo %60 oil (numerical aperture = 1.4)
objective, and a Hamamatsu Orca Flash 4 sSCMOS camera. For Lipo-NRK and NRK imaging, the
excitation wavelength was 550 nm, and emission was detected through 600/50 nm filter. For Lipo-
Dox and Dox imaging, the excitation wavelength was 470 nm, and emission was detected through
531/40 nm filter. In the cololcalization studies, F888 was detected using 390 nm excitation and
470 nm detection filter, whereas DiD was detected using 640 nm excitation and 705/80 nm
detection filter. The in situ extraction of molecules form cells was done as follows. Briefly, cells
were first incubated with 15 puM of Dox or 1 puM of NRK (concentration determined by the
absorption spectrum) for 30 minutes in the cell culture medium. Afterwards, cells were washed
with PBS once, the fluorescence images were checked to ensure all the groups of cells were stained
with similar amount of Dox and NRK (data not shown). Then, the medium was changed to 100-
times diluted LipoHD NEs (above mentioned) in PBS medium. Control group was treated with
empty NEs (the same dilution) in PBS, and the PBS buffer without NEs was used as blank control.
Images were acquired immediately after the changing of medium defined as time point 1 min (<1
min) and after 1 hour for Dox and NRK in situ uptake study. After imaging, mean intensity from
each cell for NRK and Dox channels was analyzed excluding nucleus (the center black part of each
cells). The obtained values are the mean fluorescence intensity from ~15 cells. To study the
extraction media, HeLa cells were first stained with 1 pM of NRK for 30 min, washed with PBS
and then treated with different extraction media (1 mL): 100-fold diluted LipoHD NCs, blank NCs
or PBS. The extraction media were collected after 1, 5, 15, 30 and 60 min of incubation with HeLa

cells to examine the emission spectrum (each condition was

done in triplicate). For PBS group, 100-times diluted LipoHD NCs were added to the extraction
solution to ensure the comparable measuring condition for NRK. To quantify NRK concentration
in the extraction media, the calibration curve of peak fluorescence intensity vs NRK concentration
was built after measuring fluorescence spectra of LipoHD NCs (100-fold dilution) with increasing

concentration of NRK. For estimating the total amount of NRK accumulated in HelLa cells, the
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emission spectra of the 1 pM of NRK (1 mL), used for cell staining, was measured before and after
cell staining in the presence of 100-times diluted LipoHD NCs. To provide chemical identification
of Lipo-NRK conjugates in the extract, NRK-stained HelLa cells were treated with the LipoHD
NCs for 60 min. Then, the medium was collected and the extraction by dichloromethane was
performed. The presence of Lipo-NRK in the extract studied by TLC (Dichloromethane:MeOH =
95:5) using as references pure Lipo-NRK and a the in-situ reaction mixture of NRK with LipoHD
NCs extracted by dichloromethane (see above the protocol for the in-situ reaction). Finally, the
Lipo-NRK from the same dichloromethane extract (cell medium with LipoHD NCs) was also

identified by mass spectrometry.
4.2.7.2.2- Cytotoxicity study

Cytotoxicity of empty NEs, LipoHD loaded NEs, free doxorubicin and NEs loaded Lipo-Dox
(Dox-LipoHD) were compared on 4 cancer cell lines (D2A1, 4T1, Hela and MDA-MB-231). The
MTS cytotoxicity assay was used, which is based on the reduction of the MTS tetrazolium
compound by viable mammalian cells to generate a colored formazan dye. The formazan dye is
quantified by measuring the absorbance at 490-500 nm. Briefly, tumor cells (D2A1, 4T1, MDA-
MB-231 or Hela cells) were seeded at 5000 cell per well in a 96 wells plate. After 24h, the medium
was removed and replaced by drug-containing (Lipo-Dox NPCs or Dox alone) medium (DMEM).
To study time-dependent effect, HeLa cells were incubated for 12, 24 and 48 hours. For other three
cell lines, incubation was done for 48 hours. After incubation, the medium was removed and
replaced with MTS containing medium (0.5 mg/mL). 6 After 4h of incubation, absorbance was
read at 490-500 nm. The values of absorbance corresponding to cell viability was normalized to

100% of the non-treated control cells.

4.2.7.3- Cell experiments for chapter 2.2

4.2.7.3.1- pH dependent release from PA-LipoAmine NEs

Hela cells (ATCC® CCL-2) were seeded on 35 mm ibidi dish (40000/dish) with glass bottom and
coverslips in DMEM medium with penicillin (100 U/mL), 1% glycan (100 U/mL)and 10 % FBS
at 37 °C in a humidified atmosphere containing 5% CO2 overnight. The cells were washed 3 times

with PBS and then the medium was changed to 50 times diluted solution of PA-LipoAmine NEs
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(containing 300 nM PA-LipoAmine) of pH 6 and 7.4. Control group containing 300 nM PA in pH
7.4 and pH 6 PBS medium was also prepared to test the release of free PA in cells. Cell imaging

were acquired after washing at 1 min and 30 min.
4.2.7.3.2- Cellular in situ uptake of PA by LipoAmine NPs

The in situ extraction of PA form cells was done as following. Cells were first incubated with 600
nM of PA for 30 min in Opti-Mem. Afterwards, cells were washed with PBS, fluorescence images
were checked to ensure all the groups of cells were stained with similar amount of PA (before
application of NEs). Then, the medium was changed to 200-times diluted LipoAmine NEs in PBS
medium. Control group was treated with 200-times diluted empty NEs in PBS, finally, PBS buffer
without NEs was used as blank control. Video was acquired immediately after the changing of
medium by taking 30 frames over 30 min for PA in situ uptake study. Images avoiding the video
recording area were also taken to compare PA fluorescence intensity from cells. After imaging,
mean intensity from each cell for PA channel was analyzed excluding nucleus (the center black
part of each cells). The obtained values are the mean fluorescence intensity from 15 cells. For PA
imaging, the excitation wavelength was 470 nm, and emission was detected through 531/40 nm
filter.

To study the extraction media, the extraction media were collected to examine the emission
spectrum (in triplicates). For PBS group, 200-times diluted empty NEs were added to the
extraction solution to ensure the comparable measurement condition for PA. To quantify PA or
PA-LipoAmine concentration in the extraction media, the calibration curve based on peak
fluorescence intensity of PA or PA-LipoAmine in solutions of a gradient dilution of PA or PA-
LipoAmine (15 uM) NEs. For estimating the total amount of PA accumulated in HelLa cells, the
emission spectra of PA staining solution were measured before and after cell staining in the
presence of 200-times diluted NEs. Excitation wavelength were set at 420 nm and 380 nm for

efficient PA or PA-LipoAmine excitation, respectively.
4.2.7.3.3- Cytotoxicity assay

In order to test the capability of LipoAmine loaded NEs to uptake toxic compounds in or exposed

to cells, 4-hydroxynonenal, a toxic compound with great biological importance with reactive
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aldehyde group was chosen for the potential of the de-toxic ability of this functional NEs by
uptaking this toxic compound. WST-1 assay was used to test cell viability in this experiment.
Briefly, 96-well plate and 6-well plate was seeded with Hela cells (5000 cells/well and 30000
cells/well, respectively) overnight, washed by PBS twice before changing to PBS containing
testing samples. The toxicity of 4-hydroxynonenal was tested under different concentration of 4-
Hydroxynonenal (0, 2, 5, 10, 20, 40 uM) in PBS. Afterward, 20 uM 4-hydroxynonenal were used
for the testing of de-toxicity potential of LipoAmine containing NEs or empty NEs (as control) at
different concentrations (0-10%). The toxicity of NEs (empty or with LipoAmine) were also tested
in PBS. After adding PBS containing testing samples, cells were incubated for 4 hours, before
being washed with PBS twice and changed the medium to WST-1 containing cell culture medium
(5 uL/200 pL for 96-well plate and 25 puL/1000 uL for 6-well plate). Then, the cells were incubated
for 30 min. For 96 well plates, the absorbance at 440 nm were tested under a micro-plate reader,
each condition had 6 replicates, vitality were calculated in according to UV absorbance data.
Statistics analysis including the calculating of derivation and significance between two set of data

were conducted using Origin.

4.2.7.4- Cell experiments for chapter 2.3

4.2.7.4.1- Specific targeting by NEs using sequential staining protocol

4000 cells per well of cells was later split on 8 well LabTek® with coverlid and incubated over 2
days for imaging experiments. The first experiment was conducted in the following order to
observe the capability of Biotinylated-NEs to attach on cell surface with Neutravidin surface.
Before the experiment, cell nucleus was stained with Hoechst 33342 (20 uM in Opti-Mem). For
the experiment, firstly, cells were incubated with (or without for controls) biotinylated antibody
(60 pM in Opti-Mem) for 30 min, then washed with PBS to remove excess of biotinylated antibody.
After this, the medium was changed (or not for biotin NEs control) to Neutravidin (80 pM in Opti-
Mem) and further incubated for 30 min and washed with PBS to remove excess Neutravidin.
Finally, cells were incubated with 100 times diluted biotinylated NEs (with 1% of DiD TPB,
maximum biotin concentration of 20 puM) and incubated on ice for 1 hour. Before imaging, cell

membrane was stained with WGA (5 pg/mL) over 5 min.
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4.2.7.4.2- Specific targeting of antibody-NEs to SKBr 3 cells

4000 cells per well of cells was later split on 8 well LabTeK® with coverlid and incubated over 2
days for imaging experiments. After washing with PBS for 3 times, cells were directly incubated
with purified NEs functionalized with cetuximab (1% DiD TPB, 100 puL mixed with 100 pL Opti-
Mem, estimated with same concentration as before according to fluorescence from DiD), or
Biotinylated NEs (1% DiD, 100 times diluted). The incubation was conducted on ice for 3 hours.

Before imaging, cell membrane was stained with WGA-Alexa488 (5 pug/mL) over 5 min.

4.2.7.5- Cell experiment (for chapter 2.4)

4.2.7.5.1- Cell imaging

Hela cells (ATCC) were then seeded on 36 mm ibidi® coverslips at 30,000 cell per well in this
DMEM medium with overnight. The DMEM medium was firstly removed and the cells were
washed with PBS for three times. Then, medium was changed to Opti-MEM containing or not (in
case of control) 100 uM of targeting hydrazide compounds: LD-HZ for lipid droplets, PM-HZ for
plasma membrane or Mito-HZ for mitochondria. The cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO: for 30 min. Then, after washing the cells gently once with PBS,
the medium was changed to Opti-MEM containing 1 uM NRK (except 2.5uM for mitochondria)
and further incubated for 30 min at room temperature followed by fluorescence imaging. In the
case of protocol without washing out the targeting molecule, the cells were seeded into labtek (8
well chambered coverslips) at 4000 cells per well in this DMEM medium and left overnight. The
DMEM medium was then removed and the cells were washed with PBS for three times. The Opti-
MEM medium (200 pL) containing certain concentration (1, 5, 20, 100 uM) of HZ-PM was added
to HelLa cells. The cells were incubated for 10 min at r.t. followed by addition of NRK (1 uM) and
further incubation for 30 min before imaging.

For all co-localization experiments, the cells were seeded into LabTek (8 well chambered
coverslips) at 4000 cells per well in the DMEM medium and left overnight. The DMEM medium
was then removed and the cells were washed with PBS for three times. Cells were pre-incubated
with Opti-MEM medium (200 pL) containing or not (in cases of control) 20 UM corresponding
targeting moieties of PM-HZ, LD-HZ or Mito-HZ for 10 min at 37 °C followed by addition of
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NRK or doxorubicin at 1 uM concentration and further incubated for 30 min. In case of co-
localization in plasma membranes, F2N12SM (400 nM) was added after the cells were treated with
Mito-HZ and NRK/doxorubicin and incubated for 15 min before imaging. For LDs labeling, LDs
marker SMCy5.5 (1 uM) was added to the cells, incubated for 3h at 37 °C before adding targeting
hydrazine LD-HZ and NRK/doxorubicin. For mitochondria labeling, MitoTracker Deep Red FM
644/665 (200 nM) was added after the cells were treated with Mito-HZ and NRK/doxorubicin and
further incubated for 5 min at 37 °C. Finally, the corresponding medium was changed to Opti-
MEM followed by fluorescence imaging. In cases of nucleus staining, Hoechst 33342 (10 pg/mL)
in Opti-MEM was used to stain cell nucleus over 1 h and washed with PBS once before all the

processes.

For reversibility analysis of reaction of NRK with PM-HZ at plasma membrane interface, the cells
in LabTek® were pre-incubated with Opti-MEM medium (200 pL) containing or not (in cases of
control) 20 uM PM-HZ for 10 min at 37 °C followed by addition of NRK or doxorubicin at 1 uM
concentration and further incubated for 30 min. For washing group, the cells were washed with
PBS over 3 times and changed the medium to Opti-Mem. For long incubation group, after washing
with PBS, cell medium was changed to Opti-MEM medium (200 pL) and further incubated over
1 h. F2N12SM (400 nM) was used as membrane co-localization probe, cells were incubated with

this probe over 5 min before imaging for each groups.

Fluorescence imaging of NRK was done with the excitation wavelength at 488 nm, and
fluorescence emission was collected at two different spectral channels: 550-600 nm and 600-670
nm. In the colocalization measurements with LDs marker SMCy5.5, for NRK channel, excitation
wavelength was set at 488 nm and emission wavelength was collected in the range of 550-600 nm.
For doxorubicin channel, the excitation wavelength was at 488 nm and fluorescence emission was
collected in range of 520-650 nm (images of for membrane and mitochondria targeting were
collected over average of 20 frames for this channel due to low brightness of doxorubicin). For the
SMCy5.5 and MitoTracker Deep Red FM 644/665 channel, the excitation wavelength was set at
635 nm and the emission wavelength was collected in the range of 650-800 nm.

Colocalization analysis was conducted in two ways. The first way was by calculating Pearson’s

and Mander’s correlation coefficients. This was conducted by using an ImagelJ plugin named “Just
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Another Colocalisation Plugin (JACoP)”. A certain threshold for both Green and Red channels
was applied to select the ROI area for the calculation of Pearson’s and Mander’s correlation
coefficients. The second way was to calculate the ratio of the mean fluorescence intensity from
organelle areas versus the whole cells. The organelle areas were selected by using fluorescence
image of corresponding reference markers, F2N12SM for plasma membrane, SMCy5.5 for lipid
droplet or Mito Tracker Deep Red FM for mitochondria. Cell selection and calculation of the mean

fluorescence intensity were done using ImageJ.

4.2.7.5.2- Phototoxicity study

Hela cells (ATCC) were then seeded on 36 mm coverslips at 30,000 cell per well in this DMEM
medium with overnight. The DMEM medium were first removed and washed with PBS for three
times before changing the medium to Opti-MEM (as control) or Opti-MEM containing PM-Hz,
Mito-HZ or LD-HZ (100 uM), then the cells were incubated at 37 °C in a humidified atmosphere
containing 5% CO; for 30 min. After that the cell were washed with PBS and the medium was
changed to Opti-MEM containing 1 uM of NRK, followed by an incubation for 30 min atr. t. To
understand PDT effect when NRK is targeted to different cell organelles, we used CellTox™
Green, a nucleus maker for monitoring cell death induced by membrane disruption. After targeting
NRK to cell organelles with corresponding ligands, the dishes with cells were washed once with
PBS and subjected to illumination with excitation of 550 nm (50% LED source power)
continuously over 1 min followed by changing the medium to 1 mL CellTox™ Green assay
containing 12 pg/mL Hoechst nucleus staining agent and incubated for 30 min. The transmission
and fluorescence (CellTox™ Green channel) images were taken before and after illumination
using 20x air objective Nikon CFI Plan Apo, NA = 0.75 (for data in Figure 3) or 10x air objective
Nikon Plan Fluor NA = 0.3 (for data in Figure S5); excitation: 470 nm, emission filter: 531/40 nm
for CellTox™ Green channel and excitation: 405 nm, emission filter: 475/50 nm for Hoechst
33342 channel. To observe the cell morphology change induced by phototoxicity, cell images
(both bright field and epi-fluorescence channel (4% power, 300 ms integration period) with
excitation of 550 nm and filter of 600/50 nm) were firstly taken before the application of high
source power. Then video was prepared by taking images of the bright field transmission channel
and epi-fluorescence channel (source power: 30% for lipid droplets, plasma membrane and their

controls; 50 % for mitochondria and its control) and short integration period (30 ms) continuously
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for 30 slices over 10 min. After the video recording, images were taken in DIC channel (300 ms)
and epi channel (4% power, 300 ms integration period). This cellular imaging studies were done
using epi-fluorescence mode with a Nikon Ti-E inverted microscope, equipped with CFI Plan Apo
x60 oil (numerical aperture = 1.4) objective, and a Hamamatsu Orca Flash 4 SCMOS camera.

4.2.8- Experiment with adipose tissue from chicken skin

4.2.8.1- General protocol for preparing chicken skin

A serial of specially cut chicken skin circles (5 mm or 3 cm diameter) was washed with ethanol

for 3 times to remove oil on the surface, followed by washing 3 times with water to remove ethanol.
4.2.8.2- Adipose tissue from chicken skin experiment (for chapter 2.1)

Chicken skin was immersed into aqueous solutions of 5 uM NRK or 45 uM Dox for 10 min. Then,
the chicken skin tissue was washed with PBS once. The wet skin then was evenly spread in wells
of a Lab-Tek® chamber, and the fluorescence images were acquired. Then, the medium was
changed to 100-times diluted LipoHD NEs in PBS medium (300 pL). Control group was treated
with blank NEs (300 pL, the same dilution) in PBS, and the PBS buffer (300 pL) without NEs was
used as a control. Fluorescence images were acquired immediately after changing the medium,
defined as time point 1 min (<1 min). Then the skins with the buffers were removed into a 1.5 mL
Eppendorf® tube and shaken for 30 min at speed of 600 r/min on a ThermoMixer at RT. Later on,
skins were again flatly spread on the Lab-Tek® wells for the fluorescence microscopy
measurements. Fluorescence imaging was done by the Nikon microscope (see above) using Nikon
20x air objective (Nikon CFI Plan Apo, NA = 0.75). For Dox and NRK imaging, the excitation
wavelength was 550 nm, and emission was detected through 600/50 nm filter. After the imaging,
mean intensity for NRK and Dox channels was analyzed by selecting the center area (same size)

of each images (3 images for each condition).
4.2.8.3- Adipose tissue from chicken skin experiment (for chapter 2.2)

The wet skin was then evenly spread on a 150 mm plastic plate with epidermis side on the top.
Then our 3D printed funnel with diameter of 25 mm was pressed on the skin tissue and incubated
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with 2 mL PA (3 uM) for 30 min, then medium were removed and washed with PBS, then image
was taken under UV lamp (excitation 254 nm), followed by taking fluorescence images of the
epidermis side. Then, a funnel with diameter of 15 mm was pressed on the central PA-stained area
on epidermis side, then, the device was loaded with 100-times diluted LipoAmine NEs in PBS
medium (2 mL). Control group was treated with empty NEs (2 mL, the same dilution) in PBS, and
only PBS buffer (2 mL) as empty control. After 6 hours, solutions were removed, image was taken
under UV lamp (excitation 254 nm), fluorescence images (epidermis side) were acquired
immediately. Extracted medium was also imaged under UV lamp (excitation 365 nm).
Fluorescence imaging was done by the Nikon microscope (see above) using Nikon 10x air
objective (Nikon CFI Plan Apo, NA =0.75). For PA imaging, the excitation wavelength was 470
nm, and emission was detected through 531/40 nm filter. After the imaging, mean intensity for PA
channels was analyzed of each image (3 images for each condition).

4.2.9- In vivo mice experiments (for chapter 2.1)

All mice were housed and handled according to the guidelines of INSERM and the ethical
committee of Alsace, France (CREMEAS), under the APAFIS agreement number 12780-
2017122016498879. For all experiments, 8 weeks-old female Rj:NMRI Foxnl nu/nu mice were
purchased from Janvier Labs. 2 millions of D2A1 or MDA-MB-231 stably expressing Luciferase
cells were diluted in 50 ul of PBS and injected subcutaneously in the back of 8-week-old female
female Rj:NMRI Foxnlnu/nu mice. When tumors reached a tumor volume of +/- 0.5 cm?
(measured with a caliperusing the following formula (width2 x length)/2 (mm?®)), mice were
randomized in 4 groups of 8 mice and subjected to the 4 different treatments: PBS, Doxorubicin,
LipoHD NEs or Lipo-Dox NEs (prepared in situ as described above by incubating LipoHD NEs
with Dox at pH 4, followed by dialysis of the reaction mixture to remove excess of Dox). Final
Dox loading in this formulation was 0.7 % with respect to oil. Before the injection, the
nanoemulsion was diluted twice in PBS. Mice received the treatments by i.v. injection through the
retro-orbital sinus, 2 times per weeks (alternating eyes at each round) of 100 pL. corresponding
solution. For free Dox and Lipo-Dox formulations, the single injection dose of Dox was the same
(51pg corresponding to ~2.5 mg/kg). Tumor growth was tracked two times/week either by caliper
measurement (D2A1) or by in vivo bioluminescence imaging (MDA-MB-231). For

bioluminescence imaging, mice were anesthetized with isoflurane and subjected to i.v. injection
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of 166 ng/g of a luciferin solution (Perkin Elmer). Imaging was done 5 min upon injection on a
IVIS lllumina LT (Perkin Elmer). Photon counts(photon/second/cm?/sr) were analyzed using

Living Image software 4.5 (Perkin Elmer).
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Résumé

La chimie covalente dynamigue a montré un énorme potentiel d'application dans le domaine de
l'administration de médicaments. L'objectif de ce travail de doctorat est d'utiliser la chimie covalente
dynamique comme outil pour trouver de nouvelles voies d'administration de médicaments. Les deux
premieres études concernent la conception d'un systeme de nano-émulsions fonctionnelles capable
de libérer des médicaments/colorants utilisant une cétone libre (aldéhyde) avec contréle du pH et de
les encapsuler par réaction in situ directement dans le noyau gras des nano-émulsions. Sur la base
de ce concept, d'extraction de médicaments/colorants de la peau de poulet et de désintoxication
cellulaire in vitro ont également été tentées. La troisiéme étude est consacrée au développement d'une
méthodologie universelle basée sur la réaction de modification des nano-émulsions in situ avec une
surface d'anticorps pour cibler les cellules cancéreuses. Enfin une derniere étude porte sur une
nouvelle technique consistant a diriger des médicaments/colorants cétoniques libres vers des
organites spécifiques et voir l'influence des effets PDT.

Mots clés: Administration de médicaments; Chimie covalente dynamique; Nano-émulsions; Libre
médicaments avec controle; Désintoxication; Extraction; Diriger des médicaments

Résumé en anglais

Dynamic covalent chemistry showed huge application potential in the field of drug delivery, this Ph.D.
work aims to use dynamic covalent chemistry as a tool for finding novel ways of drug delivery. The first
two studies concern the designing of a functional nano-emulsions system that is capable of releasing
free ketone (aldehyde) drug/dyes under low pH and encapsulating them through in situ reaction directly
in the oil core of nano-emulsions. Based on the concept, extraction of dyes/drugs from chicken skin,
and in vitro cell detoxification were also attempted. The third study concerns the development of a
universal methodology based on in situ reaction for functionalization nano-emulsions with antibody
surfaces for targeting cancer cells. The last study is dedicated to a novel technique of directing free
ketone dyes/drugs to specific organelles for enhanced PDT effects.

Keywords : Drug delivery ; Dynamic covalent chemistry ; Nano-emulsions; Controlled release; Detoxification;
Extraction; Drug targeting
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