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synthese vertes. La premiere partie du travail nanostructures 1D se sont avérées capables
comprenait la formation et la caractérisation de d'encapsuler des medicaments avec une
nouvelles nanoparticules de type PB contenant grande efficacité et leur délivrance au site cible
des métaux lourds comme radio-sensibilisateurs est déclenchée par des stimuli externes. Ainsi,
pour la thérapie. Avec la combinaison or/platine, une combinaison synergique de PTT et de
de nouvelles nanostructures originales d'or chimiothérapie pourrait étre réalisée. La
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Title : Ultra-small theranostic nanoparticles and their controlled assemblies
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MRI

Abstract (NP)
designed to both detect tumours and treat them

Theranostic nanoparticles

with limited side effects are part of an important

route for development of personalized
medicines. Prussian Blue (PB) is a well-known
microporous coordination network compound
that has recently attracted interest because of its
efficiency in photothermal therapy (PTT) in the
infra-red domain as well as for enabling
multimodal imaging. The objectives of this
thesis were to develop ultrasmall nanoagents for
theranostics based on PB like structures and
form new self-assembled nano-platforms using
green synthetic methods. The first part of the
the

characterization of novel PB-like nanoparticles

work included formation and

containing heavy metals as radio-enhancers for
therapy. With gold/platinum combination, new
and  original  platinum  decorated-gold
nanostructures were achieved. With Pt and Fe/Pt

combinations 1-5 nm platinum containing

particles were obtained, that were non-toxic
to healthy cells while being capable of
effectively killing cancer cells using a
therapeutic dose of radiation. This is the first
indication of PB-like nanostructures could be
used as radio-enhancers for therapy. A major
drawback of using NPs in medicine is that sub-
10 nm particles are prematurely cleared out,
while the larger ones cannot be renally
eliminated. To overcome these challenges,
activatable assemblies of ultrasmall PB
particles were designed using a combination
of polymer and coordination chemistry. 1D-
nanostructures were evidenced capable of
encapsulating drugs with high efficiency and
their delivery to target site is triggered using
external stimuli. So a synergistic combination
of PTT and chemotherapy could be achieved.
Assembly formation also improves the MRI
contrast property of the NPs, making it an

efficient theranostic agent.
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INTRODUCTION

1.1

NANOPARTICLES

A nanoparticle is essentially a particle of any shape with dimensions between 1 and 100 nm.’
The nanoscale size of these particles lead to them having very specific and interesting
physicochemical properties. Materials composed of nanoparticles have a large surface area
when compared to the same volume of material made up of bigger particles. Hence, a
nanomaterial has a higher percentage of its composite elements on the surface.? This enhances
its chemical reactivity and opens up the door to many opportunities. They have unique
mechanical, electrical, and optical properties which deviate from the respective bulk material.
It has been a highly researched topic in the past few decades and new applications have been
discovered. They are used for catalysis, as chemical sensors, in CO; capturing and even in the
aerospace industry.?

Glucose Protein DNA Virus Cell Salt Grain Tennis Ball
o £ é’% iz
. { ‘:‘o ‘z‘:'i.‘-“ Ao .
L2 LAY N b A
107 1 10 102 10° 104 10° 10¢ 107 10¢
L R . | . s M N L

Nanometers

Micelle Liposome Dendrimer Gold Nanoshell Quantum Dot

Figure 1. Size comparison of nanomaterials with respect to items used in daily life.*

Nanoparticles have made significant contributions to the medical and pharmaceutical
industries. They provide enhanced biological mobility due to the size factor. They improve
bioavailability by increasing the aqueous solubility and retention time within the body.> Some
nanoparticles have characteristic properties because of their composition. Gold nanoparticles
for example, are capable of absorbing light and efficiently converting it into heat. This localized
heating can be used for selective elimination of cancerous tissues.® Alnti-microbial activity of
silver nanoparticles have been well documented and they are widely used in wound dressings,
household products and medicines.” Magnetic nanoparticles like superparamagnetic iron
oxide also have diagnostic applications as they can act as MRI contrast agents.® The size of
these single nanoparticles significantly influences the cellular uptake and bio-distribution.
Particles with sizes over 100 nm are recognized by macrophages within the body and tend to
accumulate in organs like the liver, spleen, lungs and lymph nodes. On the other hand, the
nanoparticles smaller than 10 nm could be cleared by the kidney due to the pore size of the
renal filtration system.® So depending on the required properties, the size as well as
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1.2

parameters like shape, charge and surface labelling can be done to target specific sites in the
body. Additionally, having a large surface area enables the functionalization of these
nanocomposites with drug moieties. Drugs could be loaded on to the particles and used to
deliver it to the target site within the body by triggering the release with external/internal
stimuli. This helps with optimizing the drug dosage and increases the therapeutic efficiency of
the treatment.”® The targeted release also reduces the noxious side effects which are generally
observed with the conventional dosage forms. The therapeutic and diagnostic (theranostic)
applications of nanoparticles will be the focus of this work.

CANCER

Cells in a human body grow and reproduce to replace old cells and to fix normal wear and tear
or damages. However, when affected with cancer, the cells reproduce at a very fast rate and
have no control over division. This excessive growth concentrated in a region of the body leads
to formation of tumours. The earliest known description of this disease can be found in the
Edwin Smith Papyrus dated 3000 BC' which illustrated a case of breast cancer. The cancer cells
take up nutrients from the body and hinder the normal functioning of organs. It is a cause of
a lot of suffering and leads to death of patients. Just in the year 2020, there were 19.3 million
new cases of cancer and resulted in 10 million deaths all across the globe.’> Huge amount of
research has been dedicated to finding specifics on the cause and cure for this global disease.
The anatomy and vasculature of solid tumours are fundamentally and morphologically
different from the normal blood vessels. Under standard physiological conditions, the pH of
blood is neutral and around 7.4. Lot of complex cellular mechanisms are triggered in the
tumour micro-environment due to lack of oxygen. This renders the area acidic in nature with
pH in the range of 5.5-6.8."*' Poor lymphatic drainage from tumours and large pore sizes
were demonstrated in 1986 by Matsumura and Maeda.” This led to the proposal of a
mechanism called Enhanced Permeation and Retention (EPR).
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Figure 2. Schematic representation of EPR effect.'®

During the growth of a tumour, disorganized networks are formed, with vessels being
hyperpermeable, immature and leaky '’. These characteristic traits of tumours can be used to
our advantage. Small sized nanoparticles and macromolecular drugs are taken up to a larger
extent within these diseased cells. The EPR effect shows that over time the drug concentration
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within the tumour builds up due to the lack of efficient lymphatic clearance. The increased
uptake and retention of nanomaterials within tumours opened doors to new and efficient
treatment strategies. EPR helps to passively target the nanoparticles and drug delivery systems
(DDS) to tumour sites in the body and is the common route of administering drugs." It has to
be noted that a very low amount of the injected dose (~1%) accumulates in the target areas
using EPR and it is also dependent on the degree of vascularization of the tumour. Therefore,
other types of DDS following an active targeting path are being developed to improve drug
delivery and increase its deposition. It relies on specific interactions between the carriers and
tumour cells. Nanoparticle/ drug carrier surface is functionalized with ligands like monoclonal
antibodies, tripeptide RGD, folic acid and transferrin.' Cancer cells have overexpression of
specific receptors, for example, folate receptors are observed in fast-growing tumour cells of
ovarian, breast, colon and lung cancers. So folic acid conjugated DDS undergo increased

uptake in these tumour cells leading to better targeted therapies.?*’

(Active targeting )

Figure 3. Schematic representation of active targeting mechanisms by which nanocarriers
deliver drugs and imaging agents to target cells."

There are many types of cancers and the treatment techniques vary accordingly. The traditional
methods used are surgery, chemotherapy and radiation treatments. Novel strategies to reduce
the side-effects, overcome drug resistance and improve the quality of life of the patients have
come up in recent years.?> Photodynamic therapy (PDT) is a widely used, non-invasive
treatment involving the use of a photosensitizing drug that could be activated by specific
wavelength of light, which can trigger killing of cancer cells.?® Hyperthermia or thermal therapy
is a clinically used treatment where cancer tissues are specifically exposed to high
temperatures that cause their death. Photothermal therapy also involves increasing the local
temperatures but through photothermal agents that convert light to heat. Some of these
techniques are used in combination to generate a stronger effect.?* Gene therapy involves
modifying tumour cells with genetic materials. This can instigate a strong immune response
and cause tumour suppression. New types of therapies involving stem cells, antibodies and

cancer vaccines are being developed and are currently in different phases of clinical trial.?>#
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1.2.1

Only few of these treatment methods that are directly related to the work in this thesis will be
described in the following section.

Therapeutic methods
1.2.1.1 Chemotherapy

This treatment method utilises drugs to stop or slow down the growth of cancer cells. Standard
medications include chemicals like paclitaxel, doxorubicin, gemcitabine, carboplatin, docetaxel
and fluorouracil. They are marketed under different brand names and are sometimes given in
combination to treat aggressive cancers. These drugs help with shrinking large tumours and
lessen the chance of its return.

Figure 4. Chemical structure of (a) Doxorubicin (b) Fluorouracil (c) Paclitaxel

These medicines target rapidly dividing cells like the malignant cancerous ones, but this is also
the cause of side-effects. Normal cells, present in blood, mouth, intestine and hair also divide
rapidly and so the chemotherapy drugs affect them adversely.?® This damage to healthy tissues
cause intense fatigue, mouth sores, nausea and hair loss. Apart from these common side-
effects, osteoporosis, vision, nerve and heart problems have also been observed in patients
receiving such treatments. Hence, it is extremely essential to optimize the drugs used for
therapy and increase its efficiency by targeting them to the required site of action. Strategies
to deliver such drugs using nanoconjugates, to specific tumour sites while minimizing
interactions with healthy cells is an important area of research.

A wide range of drug delivery systems (DDS) based on polymers, proteins, lipids, organic and
inorganic nanoparticles have been developed in the past decade.??” Carbon nanotubes, 2D
layered double hydroxides, and mesoporous silica nanoparticles are some of the common
inorganic nanocarriers.?®# Liposomes have been used to encapsulate hydrophilic drugs within
their aqueous core and hydrophobic drugs in the lamellae. Polymeric nanoparticles made from
synthetic polymers: poly(lactic acid), poly(e-caprolactone), poly(lactic-co-glycolic acid),
poly(styrene-maleic anhydride) copolymer, or from natural polymers: gelatin, dextran,
chitosan, collagen etc. have been reported as efficient DDS.”” Nanoscale metal organic
frameworks (Nano-MOFs) have high specific surface area, adjustable pore size, and good
biocompatibility. Therefore, a large variety of MOFs have been developed for drug-loading
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and combining different therapies.*®* Chemotherapy drugs paclitaxel, doxorubicin have also
been incorporated within polymeric micelles, and a reduction in toxicity at high doses was
observed.?"* Nanocarriers based on proteins (human/bovine serum albumins) have been
developed and abraxane: a paclitaxel-albumin nanoparticle, is an FDA approved product.®
Biocompatible 3D hydrogels have also been used for pH-sensitive controlled delivery of
therapeutics.®*

0-D Material

Dendrimer Polymeric Hydrogel
nanoparticles

Figure 5. Different types of nanocarriers used as drug delivery vehicles for cancer treatment?’

1.2.1.2 Radiation Therapy

Radiation therapy is one of the most common forms of treatment and it has been found that
more than 50 % of cancer cases require this therapeutic method. High energy ionizing
radiation (keV-MeV range) is used in this form of treatment. They can interact with the
cancerous tissues in the body and cause damage to the genetic information of the cells. The
main advantages of this procedure is non-invasiveness, quickness and localisation of
treatment. The tumours located deep within the body could also be specifically targeted by
tuning the source of radiation.>* The mechanism of action is that when radiations pass through
the water present in our body, it generates radicals. Radicals are chemical species that contain
an unpaired electron and this makes it highly reactive. The radicals are capable of quickly
generating Reactive Oxygen Species (ROS) like peroxide, superoxide, hydroxyl radicals and
singlet oxygen®®. They are capable of damaging biomolecules, breaking the strands of DNA in
the cancer cells and cause mutations. These mutations in turn, halt the cell division process
and eventually cause their death.
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Figure 6. (a) Production of reactive oxygen species (ROS) on water radiolysis (b) Schematic
representation of single and double strand breaks on DNA on exposure to ionizing radiation.*
It has also been observed that radiations can cause damage to the surrounding healthy organs,
cause skin problems, fatigue and sometimes even long term side effects like a second cancer®’
due to the mutations. Hence, a certain safety limit to the amount of radiation applied to a
patient was determined and enforced. This knowledge lead to the development of a new era
of research to develop chemical agents called radio-sensitizers that could achieve targeted
killing of tumours while being subjected to a therapeutic dose of radiation. In 1973, G.E Adams
outlined the specific criteria that would be required for such sensitizers and stated that they
should ideally be non-toxic to normal tissues and specifically sensitize cancer cells at
therapeutic doses. The sensitizer also needs to be fairly resistant to metabolic breakdown,
while being able to penetrate distances up to 150 um from a blood capillary to reach the
diseased tissues. *°

Enhancement of radiation generated DNA damage by small bonded molecules, inhibition of
cellular repair post-radiation, cell cycle dysregulation, and radiolysis of the sensitizer to form
cytotoxic molecular fragments, were some of the common working theories behind

developing new radio-sensitizers. Expanding on it, Fowler et.al *

developed oxygen mimetic
agents, studied their effects with clinical trials to specifically target hypoxic tumour cells which
made them more vulnerable to high energy radiation. In 1980, the presence of high atomic
number (Z) containing material like iodine within cells, was found to sensitize them towards
X-rays “° and this was attributed to photoelectric effect, causing increased dose absorption.
Since a high-Z metal containing cisplatin obtained the FDA approval for chemotherapeutic
treatments, its possible use as a radiosensitizer was widely investigated.*' Additionally high-Z
materials, especially chemically inert metals were the ideal choice for synthesizing the radio-
sensitizers, as potential health hazards could be minimized. Thereafter, many more transition
metal (Pt, Ru, Co, Fe, Rh, Gd etc.) “™* complexes were developed across the world, to further
improve the properties, work against cisplatin-resistant models and to incorporate multi-
functionalities like combining photo-sensitization or magnetic resonance imaging along with
radiation effects.
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More recently it was documented that irradiating cells internalized with high-Z elements,
generated a cascade of Auger electrons. *° These secondary electrons are brought about by
inner shell ionization of heavy metal atoms and lead to a significant rise in the amount of
reactive oxygen species (ROS) produced within the body, upon water radiolysis. When these
radicals are generated in close proximity to the DNA of cancer cells, harmful single and double
strand breaks occur. They are capable of stalling cell proliferation, causing apoptosis and
subsequent elimination.*” The nano-size has a wide range of advantages as described earlier.
In 2004, J.F. Hainfield et.al provided the first proof of principle that gold nanoparticles (np)
significantly improved the in vivo efficacy of radiation therapy. They demonstrated that the
ultra-small size of these particles prove advantageous for bio-distribution and relatively high
concentration of the heavy metal could be incorporated without toxicity. *® The potential of
metallic nps to enhance local dose deposition was soon identified, leading to an exponential
increase in development of varied particles that could improve the performances of
conventional radiation therapy.

Fluorescent Emission

Compton scattering

Incoming
X-rays
Pair production
(positron + electron)

Rayleigh scattering

Figure 7. Production of secondary electrons upon irradiation of a high-Z metal. *°

Additionally, nanoparticles provide a relatively large surface area and are flexible towards size,
shape and charge modifications that prove advantageous for drug encapsulation and specific
delivery to target sites. Gold (CYT-6091 Cytimmune)®°, gadolinium (AGuiX, NHTheraguix) °'
and hafnium oxide-based (NBTXR3, Nanobiotix)* nanoparticles have even reached the clinical
trial phase. Over the past few years, many physical and chemical techniques to produce such
nano-agents have come into play.>*®® However, most methods require multiple complicated
steps for synthesis, use non-polar solvents, toxic reducing agents and organic surfactants for
controlling the nanoparticle size. Subsequent functionalization with more chemical
substituents is sometimes required to make them water-soluble and biocompatible.>” Even
after this painstaking process of development, long-term stability in physiological media and
complete renal elimination, which is essential for nps developed for bio-medical processes
remain questionable.
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1.2.1.3 Photothermal Therapy

In this therapeutic technique, cancer cell death is induced by heating the tumour tissue.
Localised temperature rise causes cell membrane collapse, protein denaturation and
eventually apoptosis.®®*® This form of treatment is minimally invasive as it can be achieved by
exposing only the affected area to safe near-infrared (NIR: 650-1024 nm) light. This range of
optical wavelength is called the biological window because skin, haemoglobin and tissues of
the body have a minimal absorbance here.®°¢! So, the radiation can penetrate deeper than the
other wavelengths. Specific material which can absorb NIR light and transform it to heat is
essential for this process. A lot of research has been dedicated to develop such agents, in the
past two decades. The photo-thermal agents need to have a large absorption cross-section in
the biological window as well as a high light to heat conversion efficiency. As mentioned

earlier, nanomaterials are a subject of interest in cancer therapy.62 Carbon nanotubes,
graphene based materials and quantum dots are shown to absorb light and cause ablation of
tumour cells. Metallic nanostructures composed of gold (Au), silver (Ag), copper (Cu) and
palladium (Pd) and have been widely studied for their photo-thermal properties.®® AuroShell

particles (PEGylated-silica cored Au nano-shells) have even advanced to the clinical trial stage
due to their excellent preliminary results .
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Figure 8. Mechanism of action of nanomaterial mediated PTT effects in tumour environment. For tumour
ablation, the heat (> 42°C) generated during excited PTT agents' vibrational relaxation induces necrosis

and apoptosis of the cancerous tissues.®®
There are however some limitations to this method of treatment. It is possible to have some
thermal damage to normal tissues during the course of PTT. The limited penetration depth of
light and uneven heating is another disadvantage, especially for tumours located deep within
the body.®® This can lead to incomplete elimination of cancer cells which increases the chances
of recurrence and metastasis. The combination of PTT with other treatments can help in
improving the overall treatment efficacy.®” For example, conjugating doxorubicin onto a
nanocomposite made of Ag and graphene oxide improved the therapeutic index by a large
extent. In vivo experiments performed on mice, revealed that the side-effects of the
chemotherapeutic drug is drastically reduced, survival quality and prolongation of life time
was observed.®® Moreover NIR laser light aided in delivering the drug to the target site. The

synergistic effect of combining chemotherapy and PTT have been well documented in
literature.
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1.2.2

Only a few cancer treatment techniques have been outlined above. Surgery is primarily used
to remove large tumours. Immunotherapy, hormone and photodynamic therapy are also some
of the methods which can be used to fight the growth of malignant tissues. Finding innovative,
thorough, targeted and patient-specific type of treatment remains one of the main goals of
research in this century.

Diagnostic Methods

It has to be noted that all these pharmaceutical therapies are highly dependent on clinical
imaging. It is extremely important to visualize the diseased area in order to determine a
treatment strategy. Only by constantly monitoring the tumour cell proliferation and migration
within the body can the effectiveness of a therapeutic method be determined. Diagnostic
imaging methods are necessary to formulate a plan, give early indications of treatment
response and detect drug resistance. Also after the treatment is complete, patient monitoring
is essential to check for recurrence®. All of these require advanced ways to look inside the
body and many types of diagnostic methods have been developed.

X-rays have been used since the late 19™ century to detect injuries, and it uses low dose of
radiation to form images. Positron emission tomography (PET) is a popular diagnostic tool that
generates 3-dimensional picture of areas within the body using radioactive (‘®F, "'C, N, *O,
1241, #4Cu) tracers.” It is commonly used to detect cancer, because these cells take up more of
the injected radioactive glucose compared to healthy cells. It can give insight into the tumour
physiology, but cannot provide anatomical details as the spatial resolution is around 1-2 mm.”’
Computed Tomography (CT)-scan uses x-rays and is performed to obtain internal images of
bones, muscles, organs and, blood vessels. Usually an iodine or barium sulphate based dye is
introduced to enhance the contrast of this scan and extensive details like lesion location, size
and morphology can be obtained, with resolution of 50-200 um.”®’> Only the diagnostic
methods that are the focus of this thesis project: magnetic resonance and photoacoustic
imaging are described in detail in the following section.

1.2.2.1 Magnetic Resonance Imaging

MRI is a non-invasive imaging procedure that can generate detailed, three dimensional
anatomical images which can help in detection, diagnosis and treatment of different types of
diseases. It uses strong magnetic fields and radio-waves to generate images of the organs in
the body. This makes the technique very safe, especially compared to computed tomography
(CT) scans and X-rays which use ionizing radiations. MRI provides a high spatial and temporal
resolution, along with soft-tissue contrast. To put very simply, MRI works due to the fact that
the nucleus of an atom behaves like a tiny magnet. So when a patient is placed inside a large
magnet and a strong magnetic field is applied, the protons from the water in the body align
with it. Then a radiofrequency (RF) pulse of the same frequency is passed through the system”
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which causes excitation and resonance of the protons. When this pulse is removed, the protons
quickly try to relax and realign with the initial magnetic field. This relaxation leads to a release
of energy which can be detected by sensors in the scanner.

Depending on the type of relaxation, longitudinal or transverse, different signals are released.
They are represented by time constants and it determines the way an image appears. T signal
is dependent on the time taken for the system to return 63% toward thermal equilibrium after
the RF pulse.” The faster the realignment occurs, brighter is the contrast in the picture. T2 or
transverse relaxation time relates to the speed of proton spin dephasing. A short T, relaxation
time leads to a darker or negative contrast for the image. The physiological differences
between the constituents of our body are capable of generating a MRI image with natural
contrast. For example, the protons in fat can realign quickly, generate high energy and
therefore a short Ty value (260 ms).”® So, a Ti-weighted MRI will display fatty tissue brightly
whereas water will appear dark as it has a long T+ (3000-5000 ms). But to improve the sensitivity
of this diagnosis method and detect abnormal growth or diseases in the body, contrast agents
(CA) are required.

1.2.2.1.1 MRI Contrast agents

Most common MRI contrast agents (MRCA) used clinically, work by shortening the T1
relaxation time of the protons. This was first practically demonstrated in 1981, by Young et.al
®*who showed that relaxation rate could be enhanced by using a paramagnetic contrast agent.
They used iron chloride (FeCls) as CA to image the upper abdomen of adult volunteers and
heightened contrast could be clearly seen. This was attributed to the change in mean T1 value,
from 730 ms to 285 ms after ingestion of ferric chloride solution. A few years later, it was shown
that chelates containing Gadolinium (Gd**) provide a significant contrast enhancement and
can be even used to visualise tumours in the brain. The agent called Gd-DTPA (Gd-
Diethylenetriaminepentaacetic acid), was intravenously injected in 12 patients suffering from
different types of cancers. Cerebral tumours could be observed in all of the cases and
additional lesions which could not be detected with CT were seen with Nuclear Magnetic
Resonance (older name for MRI) imaging. As shown in Fig. 9(a) tumour and oedema is visible
in the left frontal region, but after the Gd-DTPA administration a light ring of enhancement
can be seen around the bulk of the tumour.”’ It was marketed as Magnevist and was a clinically
approved CA. However, its usage has been suspended by European Medicines agency in
2017.7®
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Figure 9. (a) Astrocytoma grade |V: transverse inversion-recovery (IR1500/500/44) scans before
(A) and after (B) Gd-DTPA injection.77 (b) Working principle of a T; lowering agent, Gd-DTPA by
coordination of water to the inner sphere of Gd** ion.”

In the late 1980s, a new gadolinium complex: gadolinium tetraazacyclododecanetetraacetic
acid (Gd-DOTA) was formulated. The T1 relaxivity was similar to Magnevist, but this cyclic
complex had higher in vitro stability and better in vivo safety as compared to non-cyclic Gd-
DTPA.2 This led to further clinical studies and it was found that Gd-DOTA improves the
anatomic definition of cerebral lesions and increases MR sensitivity and specificity.®’ This
complex is sold under the brand name Dotarem and is one of the most widely used MRCA.

Figure 10. Structure of Gd-DOTA

The enhancement T; weighted contrast in presence of paramagnetic ions of Gd, Mn and Fe
occurs because the unpaired electrons in them. Solomon-Bloembergen-Morgen theory gives
details about interaction of electron-proton dipolar coupling. The effect of a T1 CA can be
described by understanding the Relaxation rate (R1=1/T;). It is the inverse of the relaxation
time and in presence of a CA it is split into two: the intrinsic contribution from the tissue
(Riissue) that is being analysed and the paramagnetic contribution coming from the agent
applied( Rica). ® This Ricais dependent on the concentration of CA, as well as its relaxivity (r1).
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This parameter is characteristic to the CA used and depends on the solvent, temperature, field
strength and the environment.

R‘I,obsevered = R1,tissue + R1,CA

Rica = 1. [CA]
1 1
Therefore, ——= + rl.[CA]
T1,obs T1,tissue

So the overall relaxation rate can be increased by using an agent which has a high relaxivity
value or increasing the physiological concentration of the CA. As shown in Fig.9 (c), Gd** ion
coordinates directly with the water in the inner sphere and this can undergo fast exchange
with the outer sphere. This exchange rate is dependent on the exchange correlation time (tm)
and the number of coordinated water ligands to the paramagnetic ion . So, the paramagnetic
ion is also indirectly connected to the bulk (second coordination sphere). The unpaired
electrons in this paramagnetic agent create fluctuating local magnetic moment which provides
the interacting water protons, with an alternate and quicker relaxation pathway.” There are
other parameters like the rotational correlation time of the whole complex (t,) and diffusion
correlation time (t4) that also influence the relaxation rate. With the relaxation time shortened,
the protons are capable of quickly returning to equilibrium after the RF pulse, and this speed
is translated to T1 contrast enhancement.

It was shown that small molecules, like Gd** complexes typically have an elimination half-life
of 1.5 hours. This rapid clearance makes time-dependent MRI studies difficult and complicated.
Additionally, the chelating agents have a high affinity for endogenous ions like Zn** and Ca**
and subsequent transmetallation reactions can result in Gd** release from the complex. There
is also a growing safety concern, as many Gd-based MRI CAs have been linked to development
of nephrogenic systemic fibrosis in renally impaired patients.?#® Therefore a move from simple
complexes to paramagnetic ion containing nanoparticles is highly favoured.

1.2.2.1.2 Nanopatrticles for enhancing MRI contrast

As mentioned earlier nanoparticles have a tendency to accumulate in tumours because of the
EPR effect. Formulating a contrast agent in nano-size provides an opportunity to diagnose
them completely and follow their evolution with time. Multiple examples can be found in the
literature where nanocomposites are synthesised with polymers or liposomes with gadolinium
incorporated in the structure. There are also a lot of studies on grafting Gd** to other metallic
nanoparticles, to provide a combined therapeutic and imaging modality.®* Besides Gd**,
manganese based contrast agents exist and they also work by shortening the T1. Mn?* based
nanoparticles have been used for tumour imaging, to follow the metastasis and monitor pH
changes. ® Ferric oxide based MRI contrast agents act as T» imaging agents. They shorten the
T relaxation time and provide a dark contrast for the images. This is due to its
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superparamagnetic nature. Many types of super paramagnetic iron oxide nanoparticles
(SPION) have been synthesised over the past decade ranging from 2 nm to 35 uM in size.®
These agents have been used for molecular imaging, gene monitoring and cancer diagnosis.
But as with most T, agents, it is challenging to distinguish the darkened spots produced by
accumulation of SPIOs and signals caused by bleeding, calcification, metallic deposits or
artefacts from the background.®’

The contrast efficacy and in vivo fate of magnetic and metallic nanoparticles rely heavily on
physical and chemical features including shape, size, surface charge, chemical and colloidal
stability. They play an important role in controlling the bio-distribution and blood circulation
half-life of these particles. A long blood circulation of contrast agent is crucial for increasing
the time window of imaging. MRCAs with large hydrodynamic size exhibit high uptake in
reticuloendothelial system (RES) organs like spleen, liver, lymph nodes and lungs leading to
accumulation or very slow elimination through hepatobiliary excretion. This can lead to in vivo
toxicity and FDA approval for administering any imaging agent requires complete
metabolization or excretion from the body once the goal is achieved.®® Therefore large sizes
hamper translation of nps into clinical medical agents. It has been shown that creating
nanocomposites containing Gd complexes could prolong blood circulation. The pore size limit
for glomerular filtration barrier (GFB) in the kidney is around 6 nm, to prevent excretion of
useful proteins. But it has been demonstrated that some larger nanoparticles (> 6 nm) have
bypassed the GFB and are successfully eliminated via urine.®® This could be through the
proximal convoluted tubules in the kidney and/or due to specific physico-chemical
characteristics (charge, composition, density, shape etc.) of the nanoparticles.”® Therefore, it is
generally considered that sub-10 nm particles can be renally eliminated and safer for the body.
Therefore many ultra-small Gd-based MOFs, carbon quantum dots and gold nanocomposites
were synthesized to generate effective and multi-functional CAs. ™4

AGuIX® (Activation and Guidance of Irradiation by X-ray) nanoparticles developed by NH
TherAguix (Lyon, France) is one of the most promising theranostic platforms ever developed.
These sub-5 nm particles contain gadolinium cyclic chelates in a polysiloxane matrix.” Strong
MRI contrast properties together with high radiosensitizing behaviour has been demonstrated
with these nanoparticles, due to the presence of high-Z (Gd) metal in the structure.
Biodistribution studies conducted on animal species (rodents, monkeys) proved they could be
passively targeted to tumours via EPR and renal elimination is achieved after intravenous
administration.®*?” First in man studies demonstrated that AGulX nanodrug is capable of
crossing the blood brain barrier and detect metastases originating from lung, melanoma, colon
and breast cancers.”® Its safety and efficacy in patients have been tested and this theranostic
nanoplatform is currently in phase-Il clinical trials. '®

26



—
Q
=
—

O
=

B
~
2]

: :‘. - " 3
b . 9 ¥ . A 8 Eg— 20 4
K) : ;r q " “' S "
G W ',55’"1‘6\ jon 2o 22 =
VY ;‘;"\“’r 7--;'.» T 0
ol G 17 \8 7 =
R8s ¥ s, T B
“ MO “y
“ :‘ ) o 0+ v v
4 |/ s 01 1 10
5 y dor, 20 Hydrodynamic
8 qond g
g diameter
(d)
Melanoma NSCLC Colon Breast
.‘w-'a £ L - . 3
O @ y ‘b °
L) \
% voﬁ A .Q.
o @ @ >
b g

(¢

Figure 11. (a) Schematic representation of electron showers and ROS formation after irradiation
with AGulX (b) Hydrodynamic diameter of the nanoparticles (c) T1-weighted images of hepatic
metastasis after application of Gd-DOTA (left) compared to AGuiX (right) (d) Illustration of 3D
MRI of NanoRAD clinical trial obtained 2 h after intravenous administration of AGulX nps.?%%°

Various strategies to form Gd free CAs have also gained traction over the last decade to ensure
maximum safety. Renally clearable iron nanodots have offered an attractive solution. Wang
et.al developed a gram-scale synthetic route to form Fe** coordination polymer nanodots (Fe-
CPNDs) by using polyvinylpyrrolidone (PVP) and Gallic Acid (GA). The nanodots are around 5
nm in size, display good photo thermal performance and act as pH activatable MRI imaging
contrast agent (r1= 1.9 mM™.s™" at pH= 5, 1.5 T).'0"1%2

Fe~-CPNDs
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Figure 12. Fe-Coordination Polymer Nanodots synthetic scheme'"’

Shi and co-workers recently created a switchable T1/T> CA by forming cross-linked FesO4
clusters using cystamine dihydrochloride. The ~135 nm nano cluster exhibits a dominant T,
effect with r. of 26.4 mM™.s™" (0.5 T) and this cluster could be dissociated into 3.3 nm single
nps in the reducing microenvironment of tumour( GSH= 10 mM). The disassembled ultra-small
nps show a strong Ti-weighted MR effect with an ry of 3.9 mM™".s(0.5 T)."® It is a promising
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system with interesting properties and could aid precision imaging of cancer cells. It is critical
to develop cost-effective strategies to produce CAs as they are generally administered in gram
scale quantities. Agents with strong chelating properties must be developed to limit
gadolinium leaking from the nanocomposites. Moreover, integrating two or more
paramagnetic metallic ions into a single nanohybrid can be helpful in overcoming individual
drawbacks and provide comprehensive imaging through T1/T2 weighted dual-mode MRI.*

1.2.2.2 Photoacoustic Imaging

Photoacoustic imaging (PAI) is a non-ionizing and non-invasive hybrid imaging technique that
combines optical excitation and ultrasonic detection.’®'% When laser light is shone on tissues,
they absorb the energy, convert it to heat and undergo thermoelastic expansion.'® This
expansion generates ultrasound pressure waves which can be detected by sensors that
transform the signal into images. This is a safe diagnostic tool, which can provide structural
and functional information with high penetration depth. It is a convenient, comparatively
cheap alternative and has near real-time imaging capability.'”” PAI could be used for lymph
node detection, tumour microenvironment imaging and also cell tracking.®®

\— Pulsed laser Tra”SdUCE:
Absorbing
Coupling Vasculature molecules Acoustic |Data acquistion uniﬂ
i wave
— — . | |
Ti = psrttatt b o e ]
el P AAL e e
) " S mvepa
Laser irradiation & Heat generation & Acoustic wave generation Multiple channel
absorption thermal expansion & detection raw data
Signal ) f\_; % Image Image
processing U M |reconstruction processing
Denoised & Reconstructed Enhanced
enhanced signal image image

Figure 13. A conceptual flow of photoacoustic imaging working principle.'™

Melanin, bilirubin, glucose, myoglobin, and haemoglobin in the blood act as natural photo
acoustic agents.'”® However, an added exogenous light-absorbing material can improve the
contrast obtained from PAI. Small molecule organic dyes such as methylene blue, indocyanine
green and silicon naphthalocyanine have good tissue penetration and can generate acoustic
waves after laser irradiation.'®® Their applications in vascular and tumour imaging as well as
monitoring the blood-brain barrier function has been well documented.’ The disadvantages
of these molecules include low PA signal, poor photostability, fast clearance, and small optical

absorption cross sections.'%"

Therefore, nanoparticles showing strong optical activity have been widely explored for these
purposes. Many gold nanostructures (nanoshells, rods, cages, flowers etc) with extinction
coefficients in NIR range have been developed.""""> Carbon nanomaterials have excellent light
absorption and low heat capacities which make them good photo acoustic contrast
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agents.""As local temperature rise is essential for the functioning of this procedure, PAI can
work in synergy with photo thermal therapy. Photothermal agents such as the metallic
nanoparticles (Au, Ag, and Cu) described earlier (section 1.2.1.2), have also been demonstrated
to have PA properties. Photoacoustic imaging guided, in-vivo photothermal therapy for breast

cancer has been recently demonstrated using FeOOH-polypyrrole nanorods.

PRUSSIAN BLUE

Prussian Blue (PB) is an intense blue coloured pigment that was accidentally created in 1706.
"Preussisch-blau” or "Berlin Blau" was first synthesized when Diesbach from Berlin, mixed
potash contaminated with hexacyanoferrate into a solution which contained iron sulphate.
Since its discovery, Prussian Blue was widely used by painters and also applied to dyeing of
textiles due to its captivating colour. It is said that Vincent Van Gogh has used this colour to
create his masterpiece: The Starry Night. The scientists of the time including Priestley,
Berthollet, and Scheele were interested in finding the composition, stoichiometry and structure
of Prussian Blue.""® In 1811, Gay-Lussac revealed that Prussian Blue contained cyanide.
Development of X-ray diffraction provided a greater insight into the structure of this
compound. In 1936, Keggin and Miles reported that the ferrous and ferric atoms are arranged
alternately and form the corners of a cubic lattice, while CN groups lie on the edges.""’” The
first detailed structure and composition was confirmed as Fes[Fe(CN)g]z.x H.O (x=14-16) in
1977 by Buser, Schwarzenbach, Petter and Ludi.""® They revealed that the cubic unit cell of PB
has a lattice constant of 10.16 A and density of 1.8 g/cm®. The structure is porous with
randomly distributed vacant sites. The distances between the individual atoms in PB were
reported as: Fe(I)-C=1.92 A, Fe(lll)-N=2.02 A, and C-N=1.13 A. The distance between the two
iron species Fe(ll)-Fe(lll) was approximately 5.1 A. ' The cubic cell is made up of four such
cubes, resulting in a lattice length of about 10.2 A. This corresponds to the distance between
two consecutive Fell-Fell.

Figure 14. (a) Structure of Prussian Blue and analogues. M and T represent the two composite
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metals linked through a cyanide bridge. In case of PB, M and T are Fe'and Fe" respectively. (b)
Molecular orbital diagram of CN linker in PBA.""®

Figure 14 represents the structure of Prussian Blue. By changing the constituent metal ions, PB
analogues (PBA) could be formed. CN™ generates a strong ligand field at the carbon end and
thereby locking M (or Fe") in a low spin (LS) electronic configuration. In these coordination
polymers, hexacyanometallate [M™(CN)s]™®" complex ion and the other metal (T) remain
strongly linked through the CN bridge due to an overlap of their electron clouds caused by
CN™ 1t back-donation ability. As shown in orbital diagram, the highest occupied molecular
orbital (HOMO) of the ligand is 50 which contributes to the electrophilic attack of the complex.
The electron density from M is subtracted, located on to the N end of 50 and donated onto
the second metal (T) leading to formation of the coordination bond. This metal to metal charge
transfer is responsible for the intense blue colour and strong absorption of pure PB around
700 nm. The strong bonds with metal at both C and N end of the cyanide bridge, confers high
insolubility in aqueous medium to the formed polymers. The stability of PB in neutral and
acidic conditions also arises from the CN" bonding properties.’®'2°

The arrangement of atoms allows the accommodation of water molecules and cations within
the tetrahedral vacancies of the Prussian Blue network. This characteristic property makes PB
act as a chelating agent and absorbent. It can act as an ion-exchanger and trap toxic
radioactive and non-radioactive ions. Despite being made out of cyanide salts, PB is non-toxic
because CN groups are tightly bound to the iron. It is a Food and Drug Administration (FDA)
approved drug for this reason and used as an antidote for heavy metal poisoning.”' It was
determined that a concentration of up to 500 mg of PB is safe for consumption and was
administered to individuals exposed to radioactive 137-Cs* during the Goiania accident in
Brazil in 1987.'% Surface adsorption, proton exchange and mechanical trapping of ions within
the crystal structure are the primary mechanisms of decontamination.'?® This versatile
compound has many significant scientific and industrial applications apart from the ones
mentioned above. They can be used as electrocatalysts, photomagnets, batteries, super
capacitors, ion-sensors, in electrochromic displays and also for hydrogen storage.’® The bio-
medical applications of Prussian Blue will be described in this thesis.

Synthesis of Prussian Blue and analogue nanoparticles

Many synthetic strategies have been developed to expand the application, enhance the
performance and facilitate the clinical applications of PB nanomaterials. The most simple and
conventional method to prepare pure PB is one-step mixing process of the precursors i.e. alkali
hexacyanoferrate [Fe(CN)e]*/ [(Fe(CN)s]** with corresponding iron salt (Fe**/Fe’**). The
analogues could also be synthesised with ease using this co-precipitation method by replacing
one or both of the precursors with other required metal salts. A variant to this process is
reacting Fe®* salt with hexacyanoferrate (Il) forming Berlin white and then oxidizing it with
agents like hydrogen peroxide to form PB.'** However preventing PB nanoparticles from
coagulating or aggregating when administered to a living organism was a challenge. Different
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methods of surface functionalization were developed involving polymers (PVP, PAH, PEG),
biomolecules (RBCs, albumin, avidin, gelatin), organic acids and oleylamines.”® In 2010,
Shoukimehr et.al showed that biocompatible and water dispersible PB nps could be
synthesised by using citric acid to cap the surface.’ The reaction could be carried out at 60°C
or room temperature and yielded 25 nm cubic nanoparticles. This synthetic procedure was
adapted by many groups to synthesize PB for varied applications.
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Figure 15. Citrate mediated growth of PB nanocrystals and their TEM image."®’

The hydrothermal method utilizes an autoclave reactor, involves dispersion of the reactants in
water, and subjecting them to high temperatures (>100°C) and pressure. PB mesocrystals were
formed by reacting potassium hexacyanoferrate(lll) and PEG 4000 in acidic conditions for 20 h
at 120°C. Hollow Prussian Blue nps were developed by controlled chemical etching in the
presence of a polymer. Large PB nps (110-190 nm) were used as starting material and treated
with hydrochloric acid at 140°C for 4 h in the presence of PVP to create hollow interiors that
could be used to load drug molecules.’®

A single precursor method to form PB also exists and it involves slow oxidation or reduction
of either [Fe(CN)s]*/ [(Fe(CN)e]*" in an acidic environment. The formed iron ions then react
with undecomposed hexacyanometallate to form well controlled and monodisperse PB. In
addition to being a slow reaction process, traces of hydrogen cyanide are released which is
not ideal.'”® Using microemulsions to control the growth of nanoparticles have also been
explored. Anionic surfactants like bis(2-ethylhexyl) sulfosuccinate were used to encapsulate
iron precursor complexes and then a slow reaction was induced to produce numerous nuclei
and clusters within the water droplets in reverse microemulsion method.” Soluble PB and
analogue nano-worms were synthesized by Roy et. al using metal organic block ionomers in
THF -water emulsion. "' Although it is an interesting route, microemulsions are hard to scale-
up, require organic solvents and involve tedious recovery processes. Uniform PB nanomaterials
of desired sizes and morphology could be synthesized by template-assisted methods. Based
on the type of template used, the synthetic method could be distinguished into three types:
sacrificial, soft and hard template. Many varieties of hollow PB materials can be precisely
prepared using sacrificial templates. For example, based on the geometrical shape of silver
template PB nanotubes and nanospheres could be formed. The synthesis occurs on the surface
of the template which is gradually consumed, resulting in a hollow interior. *?
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Figure 16. PB hollow spheres and hollow tubes synthesized using sacrificial-template
method."

Soft templates like non-RNA cowpea green spot virus (CCMV) capsids are used to encapsulate
iron precursors. By modulating the pH, the capsid could be assembled or disassembled to
obtain PB nanomaterials.”®> CoFe analogue of PB was the first example of successful
entrapment of nanomaterial within amorphous silica gel. G.Fornasieri et.al showed 5-6 nm PBA
nanoparticles could be obtained by confining the growth to the porosity of silica monoliths
used as a template for synthesis.”® The monoliths are thermally treated with hexaaqua Co(ll)
complex and then impregnated with aqueous acidic solution of ferricyanide to form
photomagnetic CoFe nps and other PBA. Anodized alumina, polystyrene nanospheres, alginate
beads, inverse opals, carbon nanotubes and apoferritin are some of the other widely used
hard templates to form PB nanomaterials. '3

Since 2005, our group has focussed on developing a method to form self-standing,
individualized nanoparticles in the colloidal form without using surfactants. By controlling
the physico-chemical parameters (temperature, concentration of precursors, presence of alkali
etc.), PB and PBA nps could be obtained using a green process with high yield. Ultra-small
particles containing Cr, Fe, Co and Ni could be prepared with hydrodynamic diameter of 5-7
nm. These charged nps are stable over long periods of time and since the surface is free of
any organic moiety, facile post-coating with polymers and ligands can be achieved." Prussian
Blue nanoparticles have been widely studied for applications in the medical field. These water-
dispersible compounds are safe and have a good biocompatibility. PB has a strong optical
absorption in the NIR region and has a porous structure as described earlier. This makes it an
ideal host for ions and small molecules that can impart special properties. Also since nps have
larger specific surface area, nanosized PB demonstrates faster kinetics and larger capacity to
trap and eliminate radioactive ions compared to commercially used bulk PB."" On top of this,
PB can be oxidised and reduced and the redox potentials can lead to enzyme-like activities. '

32



13.2

These physicochemical characteristics transform PB into a unique and impressive
pharmaceutical agent.

Prussian Blue nanoparticles for therapy

In photo-thermal therapy, the malignant tissue is heated to a temperature above 43°C to non-
invasively kill the target cells. Light in the near infra-red range is used to trigger cell death.
Owing to the charge transfer phenomenon between Fe' and Fe" in Prussian Blue, it has a
strong absorption around 700 nm and a large tail in the NIR range. Fu et al.”*® , showed for the
first time in 2012 that PB nanoparticles can operate as a photothermal ablation agent. They
demonstrated the molar extinction coefficient of PB (1.09 x 10° M cm™ at 808 nm) was higher
than carbon nanotubes and comparable to that of gold nanorods, which were traditionally
used for the PTT. It quickly reached the required temperature of 43°C with the laser and
remained stable over multiple cycles. This photostability of PB was a huge advantage over the
Au agents that underwent deterioration with every cycle of heating. In-vitro experiments done
by the group also showed that PB nanoparticles were safe for the cells but on combining with
laser radiation lead to severe cytotoxicity. This was the first proof-of-concept that PB could be
used as a PTT agent.

.. - 544 before irradiation after irradiation
(b) laser-turn off  turn off | I
or 8w 3z (©
- A z3
3
® 2 4 “%| PBNPs
- ] o
- e
® S 364 =
= @
Q.
E 30
)
—
® 24
' laser-turn on turn on
200 nm 0 2000 4000 6000 8000 10000 a i

. e —— Time/s

Figure 17. (a)TEM micrograph of PB nanopatrticles (b) Proof of their photothermal stability in
comparison to gold nanorods and (c) photographs of PB aqueous solution before and after 4
cycles of heating."®

Later, in-vivo trials were performed that indicated that photo-thermal ablation with PB led to
debulking and decreasing the tumour growth in mice.” Since then, there have been many
groups working with PB to improve this property. The chemical composition, size, shape,
charge and surface modification largely influences the photothermal performance of any
nanomaterial. ° Cai et. al showed that by incorporating Gadolinium ions in the PB lattice, the
maximum NIR absorbance can be shifted from 710 to 910 nm. The replacement of Fe* with
Gd** causes a shift in maximum absorption due to changes in electron density, transitions and
orbital energies of the CN bond. This optimization helps enhance the PTT capabilities as the
maxima is closer to the applied wavelength of the IR laser (usually 808 nm). ' However these
nanoparticles have large sizes with hydration diameters ranging ~345 nm while also requiring
highly acidic conditions for synthesis. The large size could prove detrimental for in-vivo
circulation, biodistribution as well as elimination from the body.
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Along with PTT, it has been demonstrated that Prussian Blue nanomaterials can aid Photo
Dynamic (PDT) and Sono Dynamic Therapy (SDT). It is a non-invasive, efficient and selective
treatment strategy that uses photosensitizers/ sonosensitizers to produce ROS upon laser
radiation. These radical species are capable of destroying cancer cells. But the formation of
ROS is highly dependent on the presence of oxygen. This is scarce in the hypoxic tumour
microenvironment (TME), where hydrogen peroxide (H.O;) occurs in abundance. Fortunately
PB has the ability to act as a catalyst and promote H,O, conversion to O,. Integrated
nanoplatform were created by loading a photosensitizers like chlorin €6 and different metallo-
porphyrins into mesoporous PB.™%™3 These nanosystems improved the therapeutic efficiency
of PDT by delivering the sensitizer to target site, while simultaneously enriching the TME with
O.. Similar work has been done by combining PB with non-toxic sonosensitizers'* to target
deep-seated tumours.
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Figure 18. Schematic representation of oxidative damage with photodynamic process using
Prussian Blue nanoplatform.

PB has an impressive range of applicability for therapy; however preclinical and clinical trials
have revealed that a single therapeutic method is not enough to achieve complete cure. In
the case of PTT, heat shock proteins are expressed at high temperature and some NIR laser
light is always scattered and absorbed by tissues in the body."® Therefore complete
elimination of tumours and malignant cancerous cells might not occur, leading to a possibility
of recurrence. Other reasons for the failure of monotherapy are tumour metastasis and
development of drug resistance over prolonged usage.™ This is especially seen with
chemotherapy, which is the most used treatment method across the world. Widespread
research is being conducted to overcome these problems.

Combining two or more therapeutic methods turned out to be a good strategy to get desired
results. It has been observed that this combination treatment has synergistic anti-cancer
effects revealing better and improved result compared to even the sum of individual
methods.'*® For example, several studies successfully showed that hyperthermia caused by
photothermal effect, increases the sensitivity of cancer cells and leads to an improved uptake
of drugs. This helps overcome drug resistance and increases its accumulation in tumour cells.
Moreover, the heating leads to reduction in p-glycoprotein expression in multidrug resistant
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(MDR) cells, increasing its toxicity and making it possible to challenge the most difficult type

of cancers."'*® Some teams working on gold™® and Fe30,™°

were able to show that forming
vesicles and clusters of these nps tremendously improve the therapeutic efficiency. This
inspired us to move towards forming assemblies of ultra-small PB to increase PTT effect and

incorporate other properties like loading chemotherapeutic drugs to obtain synergistic effect.

Prussian Blue nanoparticles and drug encapsulation

Metal organic frameworks (MOF) have been some of the most focussed inorganic systems to
encapsulate drug molecules since early 2000s, when the Ferey group reported that ibuprofen
could be loaded and released using chromium MIL-100 and 101."°' Later on, it was
demonstrated in Institut Gallien and Institut Lavoisier, that iron-based MOFs provide a non-
toxic alternative and encapsulates anti-cancer and anti-viral drugs efficiently, while also
providing an imaging modality with good relaxivities owed to the Fe-based cores.” The FDA
approved, porous, iron coordinated structure of Prussian Blue, with a large surface area
satisfied all the conditions and could act as an excellent agent for loading chemotherapeutic
drugs. The Yamauchi team from Japan synthesised highly crystalline hollow, homogenous PB
nanoparticles in 2012. The 110 nm particles were chemically etched with the help of strong
acid at high temperature (1M HCl, 140°C) in the presence of PVP. " Together with the Wu
team, they showed for the first time, that PB can act as an intracellular drug delivery system
(DDS) for cisplatin.
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Figure 19. Hollow PB nanoparticles loaded with cisplatin.'>*

A high loading efficacy of ~100% could be achieved at a short time owing to the hollow interior
and suitable pore size of PB and it provided a 5% release at neutral pH conditions.”™* Around

the same time, hollow gold nps loaded with doxorubicin (Dox)'™®

and CuS nps loaded with
Camptothecin (Cpt)™® were developed. Both these systems displayed significantly enhanced
drug release at high temperatures achieved as a result of NIR laser radiation. The "two-punch
approach” combining photothermal ablation and controlled release of drug, increased the cell
killing efficiency. In 2014, multifunctional PB nps stabilised using gelatin conjugated with Dox
was prepared.”’ The drug was covalently bonded to gelatin before linking it to citrate capped
normal PB nps. As a result, the Dox loading percentage was low but it was done to minimize
non-specific release and to target deposition only at gelatinase enzyme rich tumour

environment. They displayed synergistic cell destruction by combining chemo and
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photothermal treatments but Dox release was only studied as a function of enzyme
concentration.

Wu et.al used larger hollow PB nps and attained 88.4% encapsulation efficiency (EE) using
nanoprecipitation with Dox."® This high EE is attributed to hydrophobic interactions and -t
stacking of the drug within the cavity. The loaded Dox could also be released using this PB
Nano Cage (PBNC) system. At simulated physiological conditions, the highest percentage of
release (~25% in 15h) was observed at the acidic pH of 4.8 while only 10% was released at a
pH of 7.4. It indicated that the drug release will occur at the acidic tumour site while healthy
cells might remain unaffected. The reason for this difference in release percentages is
attributed to protonation of amino group in Dox and its increased solubility at low pH.
Irradiating 100 pg/mL PBNCs with 808 nm laser, temperatures up to 80°C could be obtained
and the required temperature could be tuned by adjusting the concentration of this
photothermal agent. NIR laser driven drug release behaviour was also demonstrated in-vitro
using hepatocellular carcinoma cells (HepG2) and the cell killing was much amplified
compared to PB+NIR or free Dox alone. This was conclusive proof that PB acts as an efficient
drug carrier and the heat produced with PTT would trigger cell death while also providing an
added advantage of increasing drug release at heated sites.
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Figure 20. Schematic view of the synthesis procedure of PBNC-Dox nanocomposites and the
observed drug release with NIR laser and pH effect.”®
More systems were developed in the following years to improve the drug loading and release
profiles while also incorporating other properties.””®'® For example, a smart pH responsive
hollow mesoporous PB with manganese-PBA coating was synthesised using a multi-step
synthetic route. It demonstrated a high EE with controlled pH dependent release while also

acting as a T1-weighted MRI CA due to the presence of Mn.™®

Without appropriate surface
modifications, HPB nps tend to be removed by the immune system or prematurely leak drugs
causing side effects. Spherical and cubic hollow mesoporous PB were synthesised to act as a
carrier for Dox. They were coated with folic acid (FA) and erythrocyte membrane (EM) to
improve targeting and escape the immune system to achieve precise and controllable release

specifically at the target site. ' Other such systems are summarized in the table below.
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Prussian Blue
system

Hollow PB
(HPB)154

Gelatin-Dox
PB1 57

HPB
nanocage'®

HMPB-Mn'®’

PEGylated PB-
Dox nps'**

Hyaluronic
Acid-PEG
modified
HPBNs'®°

SCPB
with
Erythrocyte

coated

Membrane and
Folic Acid '®

Average

Size

110 nm

53.5 nm

80 nm

290 nm

119 nm

120 nm

185 nm

Synthetic route

Etching HCl (1.0 M),
PVP, 140°C

Green synthesis in

water, Citric acid,
60°C, Gelatin-dox
complex using

periodate oxidation

Etched with
80°C

HCl,

HCl,
Mn(CHs
Na3C6H507

PVP,  80°C,
CO0).

Oleylamine
modification in
toluene, lipid
PEGylation

HCl etching, PVP,
140°C, HA, PEG, PAA
and PAH

Synthesis in HCI, PVP,
80°C, hemolysis of
blood for EM and
then FA coating
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Drug

Cisplatin

Doxorubicin

Doxorubicin

Doxorubicin

Doxorubicin

10-hydroxy
Camptothec
in

Doxorubicin

100 %

88.4 %

97.5 %

98.0 %

52 %

~45%

Payload
(wt.%)

18.5 %

33.0%

62.3 %

9.2 %

104 %

131 % for
3:1 ratio



PAH-PAA-PEG
conjugated
PB1 63

HMPB
phase

with
change
material

(PCM)164

Nanococktail

PLGA shell-PB
core with PEG +
FA targeting '

Mesoporous-
PB@ CaP
shell'®®

Mn-doped
PB167

HMPB with
mesoporous
SiO, shell'®

128 nm

98 nm

237 nm

160 Nnm

55 nm

150 nm

HCl,  PVP,  80°C,
Ethanol, PAH, PAA
and PEG polymers

HCI, PVP, 140°C, 1-

tetradecanol (PCM),
methanol

Citric acid PB
synthesis, 60°C, PLGA
shell double
emulsion  process,
PVA alcohol,

dichloromethane

Ca(OH),, PAA,
alcohol micro-
emulsion, (NHa)2
HPO, , NaOH for
etching

Green synthesis in

water, room
temperature

HCl, PVP, 140°C,
CTAB, TEQOS,
ammonia

CO and Dox
co-delivery

Camptothec
in and Dox

Paclitaxel

Doxorubicin

Doxorubicin

Doxorubicin

- 14.5 %

- Cpt: 1.6%
(3.21/200 pg)

Dox: 2.2%

(4.42/200 pQ)

778 % 72 %

100.0 % =

- 7.6 %

= 86.8 %

(868.27ug/mg
of carrier)

Table 1. Summary of sizes and synthetic strategies applied to form PB nps in the last 10 years and their

corresponding efficiency in loading various anti-cancer drugs

All of the PB systems displaying a good EE are made of hollow nanoparticles, synthesized with

complicated synthetic routes while using harsh and toxic chemicals for etching. They also are

huge particles ranging between 100-300 nm and there is no information available on the fate

of these particles once therapy is achieved. It would be tough to attain renal clearance with

such sizes and it would probably lead to accumulation within the body. So far, there has not

been any significant research utilizing ultra-small PB nanoparticles for drug encapsulation and
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delivery. Recently, comparatively smaller (~55 nm) Mn-doped PB were synthesised in water
and they displayed an improvement in PTT effect by using a two-photon laser instead of a
single wavelength NIR laser."” However as expected, these nps have a low encapsulation
efficiency of 7.6 wt.%. since the drug is physisorbed and loaded in the double lacunas in the
structure. Inspired by the innovative methods found in the state of art we wanted to improve
the treatment capabilities of combining PTT and chemotherapy with ultra-small nps. The aim
of this thesis project was to use sub-10 nm, renally clearable PB nps synthesized in green
manner to carry drug molecules with high efficacy and possibly attain controlled release at
target site.

Prussian Blue nanoparticles for imaging

The unique structure and properties of Prussian Blue nanomaterials have made them a useful
tool for diagnosis. Prussian Blue contains low-spin Fe?* (S=0) bound to C and high spin Fe**
(S=5/2) linked to N of the cyanide group. It could behave as a Ti-weighted MRI contrast agent
as water molecules are bound to Fe**and can diffuse out of the structure. Shokouhimehr and
co-workers were the first to demonstrate potential utility of PB nps as MRI contrast agent.’®’
Their 25 nm citrate coated PB particles produced a positive contrast with low relaxivity (r2/r1)
ratio of 6.1 at 1.5 T. The typical ro/r1 for other iron systems, especially the oxides (SPIO) are
greater than 10 as these particles have dense solid-state structure. So the metal centres are
completely inaccessible to water coordination and only the outer-sphere relaxation
mechanism helps generate the contrast. Since the structure of insoluble PB has many vacant
sites it was proposed that inner-sphere relaxation plays a role in generating a T1 contrast with
these nanoparticles.””’ Liang et.al demonstrated for the first time that high molar extinction
coefficient of PB, its photothermal efficiency and photostability could be used to improve the
contrast of photoacoustic imaging (PAI). Clear cerebrovascular images were obtained after
intravenous injection of these nanoparticles.’® Therefore, PB has promising applications as a
multimodal (MR-PA) imaging agent.
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Figure 21. T; MR images of tumour on mice taken pre-injection and 12 h post intravenous
injection of PB-PEG nanocubes (top) and PA images taken at different time points after injection
(bottom).""°

The longitudinal and transverse relaxivities of the bare PB nps were much weaker than
commercially used MRCAs. Different strategies were employed to compensate for this
difference. Introducing Gd** in the interstices of PB lattice showed a 9-fold increase in MRI

171

signal intensity'’' and doping hollow mesoporous PB nanocrystal (290 nm) with high-spin

t.161

Mn?* increased the ri from 0.14 to 7.43 mM™.s™ (7.0 T) in acidic environment.'®’ Doping with

gadolinium ions caused a red-shift in the absorption peak, which also significantly enhanced

the photoacoustic signal obtained using PB nanoparticles.'”

More recently, Wu and co-
authors demonstrated a method to form ~4 nm PB by doping Zn (10%) ions in the structure.
The particles display a transverse relaxivity of 17.70 mM™.s™" and longitudinal relaxivity of
11.94 mM™".s™ at 0.5 T. This was much higher than that of Gd-DTPA, the most commercially

used contrast agent which has an ry of 3.24 mM".s7.'"3

SPECT (single-photon emission computed tomography) is a powerful diagnostic tool with high
sensitivity and PB nanoparticles labelled with radioactive thallium (**'TI*) could be used for the
same. """ The applicability of these nanomaterials in ultrasound (US) imaging has also been
reported. Perfluoropentane (PFP) encapsulated within hollow mesoporous PB, undergoes
liquid-to-gas phase change upon heating. Since NIR laser radiation on PB can cause a local
temperature rise, a large number of bubbles could be released, which aids US imaging. '"®
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Figure 22. (a)Schematic representation of °'Tl*-PB nanoparticles, TEM image and SPECT/CT
image obtained after 3.5 hrs of injection."™ (b) Schematic representation of HPB-PFP formation
and in-vivo US image of tumour site after 808 nm laser irradiation'’®

In 2019, our group reported a one-step, green synthetic procedure of forming sub-5 nm PB
particles."” The size remained almost constant with varying percentages of Gd doping. The
ultra-small 5% Gd-PB displayed an unprecedentedly high longitudinal relaxivity value of 40
mM™.s™! per Gd** ion and is an efficient T contrast agent with ro/r; below 2 . The extraordinary
r results were 10 times higher than the commercial agents and four times that of similar sized
Gd,0s nps. This is attributed to the presence of maximum paramagnetic ions at the surface of
the nanostructure as opposed to the core. Therefore, by applying our methodology, a low
concentration of Gd (0.2 mM) would be sufficient to perform efficient MRI imaging and the
comparative contrast results are indicated below. Leaching of Gd ion was negligible as it is
strongly conjugated through cyanide linkage in the PB structure and these ultra-small nps had
low toxicity. Additionally, Gd-PB (5%) remains useful in vivo for photoacoustic imaging, is
capable of efficient photo thermal conversion and aids in reduction of tumour volume with a
radiation of 808 nm laser.
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1.4

Water GdFeFe (5%) GdFeFe (10%) GdinFe (5%) GdInFe(10%) Gd-DTPA

Figure 23. (@) TEM image of sub-5 nm Gd-PB nanopatrticles (b) Tr-weighted MR images recorded
under 7T at Gd" concentration of 0.2 mM.""’

OBJECTIVE OF THE THESIS

The main aim of this thesis project was to improve the therapeutic and diagnostic functions of
these ultrasmall, biocompatible Prussian Blue nanoparticles. As seen from the examples
described above, PB and its analogues are well-established agents for photothermal,
photodynamic and sonodynamic therapy, but its applicability in radiation treatment of cancers
has been left unexplored. Creation of PB-like, porous nanoparticles by substituting one or both
of the constituent Fe'/Fe" with heavy metal ions, could lead to a new family of compounds
with radio-enhancing capabilities. It would increase the versatility of these nanomaterials but
the challenge is to obtain stable, ultra-small particles using a cost-effective procedure, while
maintaining a green synthetic manner. This work was done in collaboration with Erika Porcel
and Sandrine Lacombe from the NanoBio team at Institute of Molecular Sciences Orsay
(ISMO), University Paris-Saclay.

A major obstacle in using nanoparticles for medical applications is that sub-10 nm particles
are quickly and prematurely cleared out of the body due to their size."” So even if they are
effective therapeutic agents, the overall efficiency drops because of the low circulation time.
Large nanoparticles, although beneficial for EPR targeting, endure a high uptake by the
reticuloendothelial system (RES) organs, undergo slow elimination and could prove potentially
toxic due to accumulation. Therefore, acquiring the FDA approval and translation to clinical
use is difficult. This thesis project was dedicated to finding a way to overcome both these
issues and obtain a safe, multifunctional and efficient theranostic platform. A possible solution
was creating supramolecular assemblies of ultra-small PB nanoparticles which could improve
its circulation time within the body, and once the therapeutic/diagnostic functions are fulfilled,
be disassembled with time.

Over the past decades, multiple strategies to assemble functional nanoparticles into
superstructures have been reported. These assembled nano-structures are scientifically
attractive, enable multi-functionalities, increase diversity and have been used to develop better
sensor devices, optoelectronic materials and drug delivery vehicles."® An oligonucleotide
based method was developed to control and form a reversible assembly of gold nps.'®
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Bioconjugation using antigen-antibody coupling and external magnetic field manipulations
were few of the other strategies employed to form np assemblies.’®'® Literature also showed
that the assembly formation leads to higher loading of drugs compared to its composite single
np, and the stability and biocompatibility of the system could be improved.'®

Nanogels combine nanoparticles with polymeric biomaterials and is an area of research that
has attracted a lot of interest in the past few years. Nagasaki and co-workers have been
pioneers in developing hybrid, pH-sensitive nanogels incorporating gold nps.”®' |t has been
shown that 2 nm gold nps could form 100-150 nm spherical clusters by combining with
cationic poly(allyl amine hydrochloride) polymer and they can load peptides and antibodies.'®
Most nanogels that have been developed for drug delivery have been formed via self-
assembly. Self-assembly is usually triggered by non-covalent interactions like hydrogen bond
formation, hydrophobic, electrostatic and host-guest interactions. Depending on the required
stability, stronger covalent bonds, click chemistry or specific reactive groups could also be
utilised to link the nanoparticles. Cyclodextrins (CD) offer attractive pathways to form
supramolecular nanoparticles for biomedical applications.”” When gold nps functionalized
with B-CD, were mixed with adamantly-terminated dendrimers of poly(propyleneimine) (AD-
PPI), size-controlled nanoparticle clusters were formed.'®’
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Figure 24. (a) Functionalization of gold nanopatrticle surface with CD and (b) their self-assembly
with AD-PP|."®

Another interesting system involving host-guest interactions, was developed by S.Engel et.al
where three types of CD decorated nanoparticles were linked through light sensitive arylazo
pyrazoles (AAP). The linker causes the nanoparticles to aggregate under visible light radiation,
while UV and NIR light disassembles the structure as the linker undergoes E to Z conversion.'®
Nanogels have also been fabricated using functionalized polymers (PAMAM, PPEGMA,
PADMA) to encapsulate doxorubicin and indocyanine green to combine photothermal and
chemotherapy (Fig.25)."®
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Figure 25. (a) Schematic representation of nanogel encapsulating ICG and DOX and their release
with NIR laser irradiation and (b) corresponding TEM image (scale bar 100 nm)'®

Using stimuli-responsive polymers in formulating nanogels have been extensively studied, not
only for drug loading/release but also to improve diagnosis. Multifunctional, degradable, 110
nm zwitterionic nanogels were synthesized using 9 nm Fe3O4 nps to enhance T, MR imaging
contrast (Fig. 26)."° Inverse microemulsion with poly carboxybetaine methacrylate (pCBMA)
and di-sulphide cross linkers were used. It was seen that upon exposure to a reducing
environment, the sensitive linker degrades leading to drug release and renal clearance of
constituent nps. The same group has reported that while uncoated gold nanoparticles are
quickly cleared out, forming 250 nm soft nanogels with the nps increase their in-vivo
circulation half-life (10-19 hrs)."!

& a4 ® 1
(a) Inverse g ° 2 /6 MR images

o microemulsion Reducing =
O polymerization environment 10 (C) A
—— — ° Nanogels 4
° o y=113.12x + 0.4186 /.’
& %/ £ RZ=09997
v
o

™

7 - i
° s e @ /(b

b Post-degradation 5
Dograded products canbe ol 4:’;; +0.5429 Q’ 2 @ /\'9
excreted bv renal clearance o’ Y=L 3 %’/@ -

= & R?=0.9914 :

4 . sy
’ S35
» ==~ Mono-MNPS 09
Q Monodisperse Fe;0, nanoparticle we S-S crosslinker 2 y =39.531x + 0.5054 ° Q
J
R?=0.9965 ° -

P> Targeting ligand w— PCBMA polymer chain

e O Thespeutcdug 5 ok oid 0k o8 i 0018 0036 0088
“ Fe concentration (mM) Fe concentration (mM)

Figure 26.(a) Schematic representation of pCBMA — Fe304 nanogel formation and degradation. (b) SEM
image of the nanogel with scale bar Tum. (c) Enhanced T2 contrast observed with aggregates and the
effect of degradation.™
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Only one such example of Prussian Blue nanoparticle assembly has been demonstrated so far.
Yang Sun and team designed an elaborate “nanococktail” containing PB nps encapsulated
within a shell of PLGA (poly lactic-co-glycolic acid) using a double emulsion (water/oil/water)
evaporation strategy.'® This composite could load paclitaxel, an anti-cancer drug and the
polymer shell was functionalized with PEG and folic acid (FA) for targeting breast cancer cells
(Figure 27). This nanocomposite was 236.6 + 55.0 nm in size and contained ~ 40 nm PB nps.
While they demonstrated good photothermal conversion, photoacoustic and MRI contrast
with 20 mg/mL of PLGA-PB-PTX-PEG-FA, only a low drug loading of 7.2 wt % could be
achieved. The nanocomposite could be retained in vivo for longer than 24 hours but there is
no information on the fate of the particles.
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Figure 27. (a) Schematic depiction of PLGA coated Prussian Blue nano-cocktail. (b) TEM image
of ~ 250 nm PLGA-PB-PTX-PEG-FA nanoparticles (c) Release of Paclitaxel from the PB nano-
cocktail and improvement on laser radiation. '®°

Inspired by the work of many groups over the past years, our objective was to create
assemblies incorporating sub-10 nm Prussian Blue nanoparticles with cyclodextrin containing
polymers. The project involved strong collaboration with Ruxandra Gref and team at ISMO and
was supported by DIM-Respore grant. It has been demonstrated that poly(y-CD citrate)
enhances the drug loading efficiency of MOFs due to the available cage-like structures.” So,
in principle this nano-structure containing the polymer and PB nps could have improved
chemotherapeutic drug encapsulation properties. Also, due to the larger hydrodynamic
diameter, the in-vivo circulation time could be improved and the challenge of fast, premature
clearance could be overcome. As the retention time in the body is increased, the nanoassembly
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could reach the target tumour site through EPR and may also perform as better MRI contrast
agents due to larger correlation time.

Figure 28. Schematic depiction of the aim of the original project: forming theranostic PB nano-
assembly

Then, once the PB nano-assembly reaches the tumour micro-environment, irradiation with NIR
laser would trigger photothermal therapy. The temperature rise could lead to expulsion of the
loaded drug and breakdown of the structure to its constituents. Since the individual particles
are sub-10 nm in size, there is strong possibility of renal clearance out of the body, thereby
minimizing accumulation and side-effects. The aim was to form a flexible and biocompatible
nanosystem using Prussian Blue using a completely green synthetic method. We wanted to
avoid trapping it within a shell or liposome, and have the surface of PB available for water
exchange, in order to maximize its diagnostic performance. Improving drug loading of PB
nanoparticles, without using hollowed out structures formed in harsh conditions was another
important target. The ultimate aim was to develop a safe theranostic nanoplatform capable of
performing image-guided, photothermal-chemotherapy with high efficiency.
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PRUSSIAN BLUE ANALOGUE NANOPARTICLES FOR RADIATION THERAPY

2.1

INTRODUCTION

Our aim was to produce new varieties of self-standing PB-like nanoparticles in aqueous
medium using a green synthetic pathway. We sought to prepare PB analogues by
incorporating at least one heavy metal, while avoiding the use of any surfactants or stabilizing
agents. As discussed in chapter |, ionizing radiation passing through water in the body,
generate radicals called reactive oxygen species. They are capable of causing damages to the
biomolecules and kill cells. Controlling the dose of applied radiation and targeting it
specifically to the diseased area provides a competent way to arrest tumour growth and
eliminate cancerous tissues. High-atomic number (Z) elements undergo inner shell ionization,
upon radiation and a cascade of secondary Auger electrons are generated. This amplifies the
number of radicals formed, which in turn improve the efficacy of treatment. Therefore,
incorporating a high-Z metal within PBA can provide radio-enhancing properties and add a
new perspective to this interesting field of research.

The main advantage of porous nanoparticles is that the proportion of atoms available at the
surface is much larger than typical dense metal particles. For example a 3 nm PBA has 64% of
its constituent atoms on the surface, which is almost twice when compared to an iron np of
the same size."” This is very beneficial in achieving larger relaxivities and better MRI diagnosis.
The nanoparticles formed using coordination chemistry have an added advantage of being
easily functionalizable. Moreover, we expect the content of zeolitic water, coordinated water
and porosity of the nanostructure to affect the radio-enhancing efficiency in a positive way.
Therefore our objective was to develop a simple, safe and scalable method of synthesizing
mono and bi-metallic PBAs for radiation therapy under the framework of IRS NanoTheRad
with a collaboration between institutes ICMMO, ISMO and ICP) of Université Paris Saclay. This
chapter begins with the state of the art prior to this work and a short description of synthesis
technique used to obtain ultra-small PB. The method developed in our group, is varied to
obtain 3 new analogues of PB and the optimization methods are explained in detail. These
novel co-ordination nanoparticles are completely characterized and stability in physiological
medium is assessed. The final section describes their toxicity to living cells and possible
applications of this heavy-metal containing particles in radiation therapy.

48



2.2

STATE OF THE ART

Analogues of Prussian Blue could be formed by substituting one or both of the constituent
ions (Fe" or Fe') with other di- and tri-valent ions. In 1992, a team from Princeton university
showed that inorganic hydrogels could be formed purely using co-ordination chemistry.”
They formed analogues of PB by combining different cyanometallates (Fe", Fe', Pt", Ru", Ru",
Os" and Co") with chloride salt of palladium (PdCls*). The Cl ligand is substituted with the N
terminus of the bridging cyanide in aqueous solution and long polymeric chains are formed.
They grow along in multiple directions and depending on the reaction conditions, a gel-like
material containing more than 95% water could be fashioned. The Bocarsly group further
developed this system and named them cyanogels as they undergo true sol-gel phase
transition. By raising the temperature, the cyanogel could be converted to respective
transition-metal alloys in a few minutes as opposed the hours required to form alloys in
traditional furnace.” Platinum-Cobalt cyanogel was modified to form an alloy network that
exhibited high electrochemical activity and could be used for methanol oxidation
electrocatalysis.”® Later on, cyanogel hybrid nanoflowers composed of Pd-Co were prepared,
which demonstrated excellent catalytic activity and durability towards reduction of Rhodamine
B. "°® A recent review summarizes the various applications of cyanogel and derivatives, its use
in water splitting electrolysers, fuel cells and for energy storage due to their porous structure,

3D interconnected backbone and uniform distribution of metals at an atomic level.’’
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Figure 29. Co-ordination structure involved in forming Pd/Fe polymeric gel by substitution of 2
Cl ligands to form cis isomer and possible interchain cross-links when substitution is trans at Pd
center (top). Cyanogel hybrid nanogel and nanoflower formation and TEM image. TEM image of
Pd: Co stabilised cyanosols.'*'%®
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2.3

2.3.1

Burgess et.al reported that Pd/Co cyanogels can also be chemically altered and a bulky cation
when used as a stabilizing agent (CTAB) could isolate nanoparticles that are stable in the
solution form. These nps called “cyanosols”, were around 4 nm in size and soluble in organic
solvents. Depending on the time of addition of CTAB, nano-agglomerates could also be
formed.”® Different combinations of metals were used to create a family of versatile nps for a
variety of applications. A copper analogue of PB was designed to encapsulate DOX and
achieve sustained release over time."” More recently, a multifunctional silver PBA np was
developed as nanomedicine that has anti-cancer as well as anti-bacterial properties.’®
However, most PBAs used for medical applications are focussed only on photothermal
treatment and combining it with drug delivery. The possibility to expand it to radiation therapy
has not been explored. This chapter is devoted to the development of such Prussian Blue
analogue nanoparticles (cyanosols) that remain stable in water without adding stabilizing
agents.

PRUSSIAN BLUE NANOPARTICLES

Synthesis and characterization

As discussed in section 1.3.1, our group had developed a method to synthesize stable colloids
of individualized Prussian Blue and its analogues in a template and surfactant free manner.
The process optimization involved tuning the concentrations of both metal precursors, alkali
cations and maintaining the temperature of the aqueous solutions during synthesis. The
general route followed for obtaining ultra-small Prussian Blue nanoparticles is a fast mixture
of Fe" salt (0.50 mM) solution into an aqueous hexacyanoferrate (0.50 mM) at 2°C with
constant stirring. The colloidal solution undergoes an immediate colour change to intense
blue, which is characteristic of the metal-to-metal charge transfer in PB. The reaction is carried
out for 30 minutes while maintaining the low temperature. The reaction conditions ensure
controlled nucleation and leads to formation of sub-10 nm homogenous Prussian Blue
nanoparticles. The solution remains stable, without evolution over the many months due to
the inherent negative charge over the surface of each nanoparticle. During the course of the
thesis of Dr.Gabriella Paul and Dr.Lucile Fétiveau, many types of ultrasmall PB nanoparticles
containing varying proportions of Mn", Gd" and In" have been developed for a medical
imaging purposes. Only a brief summary of characterization of bare PB is provided here as it
has been widely reported elsewhere.
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Figure 30. Schematic representation of the synthesis of Prussian Blue nanoparticles in water. (b)
DLS and (c) zeta potential measurement results (d) TEM image PB at different magnifications
and (e) the corresponding size distribution chart

Dynamic Light Scattering (DLS) experiments reveals the hydrodynamic diameter of the nps
including the surrounding solvation shell. It is crucial to study this overall size as renal clearance
through the kidney would only be possible for sub-10 nm particles. Multiple batches of PB
were made over the past three years using the above mentioned procedure and the DLS
measurements indicated the particle size between 5.5-8.3 nm. After coating the PB nps with
polymers of interest for bio-medical applications, the sub-10 nm size is maintained. The
measurement of zeta potential makes it possible to determine the sign of the surface charge
of nanoparticles in solution. The pure PB nanoparticles display a potential around -25 mV
which is a strong indication of stability. The electrostatic repulsions between the particles
ensure that no aggregation or precipitation occurs and therefore the particles are capable of
maintaining colloidal stability over time. Transmission electron microscopy (TEM) makes it
possible to clearly visualize the nanoparticles. TEM analysis of PB nps revealed the actual
dimensions of the synthesized particles and the lay in the range of 5.3+ 1.6 nm. One of the
main focus of this doctoral project was to form similar ultra-small analogues of Prussian Blue
containing a heavy-metal in a green manner and study its applications in cancer treatment.
Cyanometallate building blocks [M(CN),]™ are utilized as they can generally form multi-
dimensional networks as the carbon and nitrogen ends of CN ion can act as Lewis bases that
coordinate two different metal cations. To incorporate at least one heavy metal the cyanosol
syntheses were attempted with potassium tetrachloroplatinate (K>[PtCls]) salt. The Pt salt is
kept constant, while the corresponding metal could be changed to obtain a new family of
compounds with interesting properties.
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2.4

2.4.1

GoLD-PLATINUM PB ANALOGUE NANOPARTICLES

The aim was to prepare novel cyanide-bridged nanoparticles containing useful metals like gold
(Au) and platinum (Pt). Special attention was given to obtain individualized particles stable in
solution. A non-toxic process of synthesis was essential for the targeted applications. Also, for
use as biomedical agents, it is essential that the nanoparticles do not aggregate or coagulate
in the physiological environment. It has been shown previously that coating the surface with
certain biocompatible polymers help prevent this effect and therefore polyvinylpyrrolidone
(PVP) is utilized in our experiments. As mentioned earlier, one of the precursors used was a
tetrachloro salt of platinum and the idea was to form nanoparticles by exchanging the Cl in
the complex with a CN linked to the other metal (M). This substitution should result in
formation of an analogue of Prussian Blue with M-CN-Pt linkage. However the ligand exchange
in a Pt complex is very slow, due to inert Pt(ll) and the kinetics of formation of the inorganic
polymer has to be assisted with temperature. Various optimization techniques were employed
to obtain pure and stable AuPt cyanosols and is discussed in detail in the coming section.

Synthetic strategies

The precursors used for this synthesis were potassium di-cyanoaurate (K[Au(CN).]) and
potassium tetrachloroplatinate (K>[PtCls]). Previous experiments explored different
stoichiometries between reactants and the results indicated that the most stable nanoparticles
with best size distribution were obtained with the ratio of 2:1 between Au and Pt salts.*' Hence
this ratio of starting material would be maintained throughout all the experiments. The strong
inert character of platinum required an energy contribution in the form of heat to induce
nucleation. Solutions of K [Au (CN).] (20mM) and K; [PtCls] (10mM) were prepared in distilled
water and heated to 85°C using a water bath. Once the required temperature was reached,
fast addition of the platinum (II) complex into the gold cyanide solution was performed, under
constant stirring. The reaction was carried out for 1 hour while maintaining the temperature.
The solution turned bright yellow and then slightly turbid. The mixture was cooled down to
room temperature. Then 30 equivalents of PVP, a biocompatible polymer was added to coat
the surface of the nanoparticles. This sample would be referred as AuPt+ PVP from hereon.
The turbidity of the solution was an indication of evolving size and was corroborated with
characterization techniques. Therefore, the method had to be changed and further attempts
were made to attain smaller sized AuPt nanoparticles that remained stable over time.

24.1.1 PVP assisted Au-Pt cyanosol synthesis

Solution of K [Au (CN);] (20mM) was first mixed together with PVP 40,000 (0.6 M) solution and
heated to 85°C. K; [PtCls] (10mM) solution was heated separately to the same temperature and
added to the mixture with vigorous stirring. The reaction was carried out for 1 hour while
maintaining the temperature. The solution appeared bright yellow at the end of the reaction
with no turbidity. The sample referred as (Au+PVP)-Pt was analyzed by DLS and TEM to
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understand their size and structure. Precipitation was induced by addition of 3 volume
equivalents of acetone. The compound was collected by centrifugation (8000 rpm, 2°C, 45
minutes), washed well with water and acetone. The bright yellow powder could be obtained
by drying under vacuum for 2 hours and used for chemical characterization. The powder was
finely ground for IR, EDS and X-Ray diffraction studies.

DLS analysis revealed size of AuPt+ PVP nanoparticle to be around 80 nm. The sample was not
very stable as ultra-filtration (UF) led to precipitation. The precipitate could be re-dispersed
back into water but the hydrodynamic diameter of the particles in solution had evolved to 150
nm. Addition of PVP further lead to an increase in size of the particles to 200 nm (Fig. 31(a)).
These particles were observed by TEM and appeared to be nano-spindles of 150 nm (Fig.
31(c)). They were hard to disperse back after their recovery as powders. So the PVP assisted
synthesis route was adopted for further experiments. The hydrodynamic diameter of
(Au+PVP)-Pt was significantly smaller at 55 nm and it did not evolve with time. Moreover, the
microscopy results showed that this synthetic procedure formed thin, uniform rods containing
gold and platinum.
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Figure 31. Hydrodynamic diameter and TEM image of (AuPt)+PVP(a, c) and (Au+PVP)-Pt (b, d)

The AuPt nanoparticles had thin rod-like structure but careful study of the images revealed
that the samples also contained some percentage of spherical 3 nm pure gold nanoparticles.
UV-Vis spectra proved that the nps were indeed gold as the characteristic surface plasmon
resonance band around 540 nm (Fig.33) could be observed. The reaction conditions must have
resulted in partial reduction of Au(l) and different methods were employed to eliminate this
phenomenon so as to obtain a solution containing pure AuPt nanorods.
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2.4.1.2 Optimization of the synthesis

i) Reaction time variation: Precursor solutions (K [Au (CN)2], PVP 3500, K>[PtCls]) were heated
to 85°C and mixed together with vigorous stirring. The reaction time was limited for 15 minutes

and the solution was brought down to room temperature. Smaller Au-Pt nanorods of size
around 25 nm were formed even under this reduced time of reaction. This sample is named
(Au+PVP)-Pt-85°-15min but as shown in Figure 32(a), spherical nps of Au could still be
observed.

i) Reaction temperature variation: The reduction of Au' to metallic Au was then attributed to
the temperature of the reaction. Therefore, the synthesis was tried at 50°C and run for 60
minutes. Slightly bigger nanorods of size 30 nm were obtained with traces of pure gold
nanoparticles. In order to eliminate this side-product completely, reaction was performed at
50°C but stopped after 15 minutes. These conditions led to formation of Au-Pt nanorods

without the interference of pure gold nanospheres. This sample would be called (Au+PVP)-Pt-
50°C-15min.
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Figure 32. Changes in absorption of AuPt cyanosol upon optimization of reaction conditions

Figure 33. (a) 25 nm rods of (Au+PVP)-Pt-85°C-15 min; spherical Au np also seen (arrows). (b)
30 nm rods of (Au+PVP)-Pt-50°C-15 min. Au np eliminated

iii) Precursor concentration variation: Once the method of synthesis was optimized to remove
pure Au contamination, the effect of change in the concentration of reactants was studied. An
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24.2

attempt was made by doubling the initial concentration of each precursor- K; [PtCls] (20mM)
solution and the mixture of K [Au (CN)2] (40mM) + PVP (1.2M) were heated in a water bath
until the temperature of 50°C was attained. Then the Pt salt solution was added in one go into
the gold complex solution under constant stirring while maintaining the temperature. The
solution turned bright yellow with no indication of turbidity. After 15 minutes, the reaction was
stopped and the solution was cooled down to room temperature. UV-Visible spectroscopic
analysis makes it clear that there is no Au nps interference as the SPR band is not observed
even though a higher concentration of Au precursor is used. Hence, this method of preparation
was employed as standard and the solution was used for further experiments. This sample is
(Au+PVP)-Pt (40:20mM)-50°-15min and will hereafter be referred to as AuPt cyanosol.

Characterization

The optimized AuPt cyanosol solution was stable with no visible turbidity. It could be ultra-
filtered without the occurrence of deposition. So the sample could be easily purified and
washed with water to remove excess salts. The sample could also be concentrated to the
desired concentration for further experiments using the ultrafiltration technique. The aqueous
solution was used for structural characterization. Precipitation was induced by adding acetone
and centrifugation at 2°C. The precipitate obtained after separating the supernatant was dried
under vacuum. A bright yellow powder composed of AuPt was obtained and used for chemical
characterization.

2.4.2.1 Dynamic light scattering and zeta potential measurements

The hydrodynamic diameter of AuPt nanoparticles in solution was observed to be between 40
to 45 nm. There is no significant change in the size of nanoparticles over time. The solution
does not become turbid or deposit when PVP was added during the synthesis. Zeta potential
measurements revealed that the nanoparticle surface is highly negatively charged with a
potential around -47mV. This explains the long-term stability of cyanosol solution due to
electrostatic repulsions.
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Figure 32. (a) DLS measurement-40 nm and (b) zeta potential result -47mV of AuPt
cyanosol
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2.4.2.2 Transmission Electron Microscopy Imaging

TEM analysis showed that the AuPt nanoparticles have a rod-like shape. The size and thickness
varied according to the method of synthesis. Much thinner nanorods were obtained under
these optimized reaction conditions as compared to the first synthesized 150 nm spindles. The
absence of pure gold 3 nm spherical particles underlined that this synthetic route was clean.
The TEM images also prove that the nanorods are fairly homogenous with respect to both
shape and size. The statistics on TEM micrographs indicated that the AuPt cyanosol is
composed of 28 + 4.5 nm long and 5.1 +0.7 nm wide nanoparticles.

Size(nm)

Figure 33. Thin nanorods of optimised AuPt cyanosol and corresponding size distribution chart.
2.4.2.3 Optical Properties
AuPt cyanosol is a bright yellow-coloured solution. Fluorescence studies on the cyanosol

indicated that the nanoparticles are not very photo-luminescent. The maximum emission
around 492 nm is obtained when excited at a wavelength (Aex) of 355 nm.
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Figure 34. Fluorescence measurement results of AuPt cyanosol
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2.4.24 X-Ray Diffraction studies:

The AuPt powder obtained by precipitating the cyanosol was used for XRD analysis and the
result is displayed in Figure 37. The pattern shows crystalline composition in AuPt. Comparison
to the available literature indicated that Bragg peaks corresponded to AuCN structure which
was not the initially targeted coordination polymer. The organisation of atoms was deduced
to be hexagonal with a space group of P6mm?®® with a=b=3.396 A and ¢=5.092 A, with a=p=
90° and y=120°.
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Figure 35. (a) XRD recorded for AuPt powder, (*) marked peaks come from aluminium sample
holder. (b) Observed and calculated profiles for AuCN®®

Peak (100) (002) (102)

Size (nm) 5.8 8.0 49

Table 2. Size of crystalline domains calculated along each plane

This formed compound could be described as gold (Au-Au) planes linked through Au-CN-Au
chains.?® The sizes of crystalline domains were calculated using the Scherrer formula and are
tabulated above. The size of crystalline domains attained from XRD are significantly smaller
than those from TEM analysis. The peak along (100) can be associated to the width of the
nanoparticle. The peak along (001) could have given an idea of the crystallinity along c-axis,
but it suffered interference from the reflections of the aluminium plate. Hence, only incomplete
information could be extracted from the X-Ray diffraction pattern.
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2.4.2.5 Energy Dispersive Spectroscopy

Once the synthesis method was optimised to attain pure AuPt nanorods without the presence
of reduced Au’, the exact elemental composition was investigated using EDS analysis. The
results obtained by varying precursor concentrations is displayed below. Although the Au:Pt
starting precursor ratio is maintained at 2:1 and the reaction conditions are the same, we
observed a difference of thickness in the nano-rods with TEM imaging.

Sample Au/Pt CI/Pt K/Pt

AuPt (20:10mM) 50°C- 5.2 2.2 14
15min

AuPt (40:20mM) 50°C- 2.0 04 04
15min

Figure 36. Energy dispersive spectra of AuPt and calculated elemental ratios

Following the results of EDS it is clear that upon using 20 mM of K [Au (CN);] and 10 mM
K>[PtCls], lesser amount of Platinum is incorporated in the nanoparticle and is only equal to
1/5™ of the gold content. However, using the precursor ratios of 40mM Au'and 20mM Pt", the
ratio of Au/Pt is 2. This demonstrates that the amount of reagents put into the reaction is
completely accounted for in the product. Moreover, with this synthetic procedure the amount
of Cl retained in the nanoparticle is much lower, indicating an almost complete exchange of
ligands. Therefore it is further proof that this synthesis technique is very reliable and the
optimisation was thorough. The formula unit of AuPt nanoparticle s
Ko.4Clo.aPt1[Au(CN)].@(PVP).

2.4.2.6 Infra-Red Spectroscopy

Infra-Red spectroscopy is a powerful characterization technique for our samples containing
CN bridges. This is because the cyanide bond stretch region of 2000-2250 cm™ are extremely
sensitive to the bonding environment and the variations indicate differences in metal-CN
bond. It is well-established that formation of strong o bonds results in increased ven, while
decrease in electronegativity or oxidation state of the metal tends to decrease the stretching
frequency. If the metal co-ordination number is increased, ven typically decreases by 20-40 cm”
! depending on the number of added ligands. On the other hand when metals are added to
the nitrogen end of a coordinated CN, the vcw is increased by 20-40 cm™.2%* AuPt nanoparticles
synthesised by different techniques were analysed using the IR spectrophotometer and the
result of the most optimized sample is displayed below. The vibrations of CN region is focussed
on and the two sharp peaks and one broad band can be assigned as follows:
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-2235 cm™: CN triple bond stretch in Au'-CN 2%
-2153 cm™: vibration of terminal cyanide of Pt"-CN*®

The broad band around 2216 cm™ is not well defined and probably due to an overlap of several
vibrations in the region. Therefore it is attributed to a combination of bridging cyanide in Pt'-
CN-Pt" /Au (as 2208 cis-CN bridge between Pt and Cu®”) together with the terminal -CN
vibration in AuCN.
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Figure 37. IR spectra of Au-Pt cyanosol

The spectroscopy results also prove the presence of polymer coating in the nanoparticle. The
absorption band at 1272 cm™ is related to C-N bending vibration of pyrrolidone. The large
band centered around 1660 cm™ rises from the C=0 stretch of the PVP. It is blue-shifted
compared to that of pure PVP (1644 cm™) signifying coordination of PVP with metal. The
vibrations of CN (2854 cm™"), symmetric CH; stretching of the ring at 2886 cm™ and chain at
2919 cm™ is clearly visible in the spectra along with the asymmetric CH, stretch of the ring at
2954 cm™. 28 |R spectroscopy thus gave a direct confirmation of the formation of AuCN, and
also indicated the presence of Pt-CN nanostructures

2.4.2.7 X-ray Photoelectron Spectroscopy

XPS studies allowed us to detect the elements that exist within the nanoparticle and provided
information regarding the oxidation states of the metal in the sample. It is a surface sensitive
spectroscopic technique that detects electrons that escape from the sample after irradiation
with X-rays. The binding energy (BE) of the emitted electrons is calculated to provide
information of the chemical state of elements. The complete survey over multiple points were
performed. Extensive literature review and study of reference compounds (annex 6.2.4) helped
assign the peaks of this novel compound. The BE peaks of 85.1 and 88.8 eV was attributed to

209

gold in Au' state®® and the ones at 73.8 and 77.0 eV, indicated the existence of platinum as
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Pt'. The C 1s XP spectrum exhibits a strong emission around 285.2 eV with a shoulder~287.9
eV. Deconvolution of the peak reveals contribution of CN molecules together with C-C and N-
C=0 from PVP. The large N 1s peak at 399.7 eV with a FWHM of 1.75 eV could be ascribed to
N atom in the pyrrolidone group of the polymer. This signal is shifted to a higher binding
energy (~1 eV) compared to pure PVP (398.8 eV)*® suggesting changes in PVP during the
synthesis at 50°C. XPS analysis helped prove that Pt is indeed incorporated into the sample,

even if the structure was not in the expected form.
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Figure 38. XPS spectra of AuPt cyanosol

2.4.2.8 High resolution transmission electron microscopy

3
408 407 406 405 404 403 402 401 400 399 398 397 3% 395

The sample was studied at higher magnification and resolution with HR-TEM by Alexandre
Gloter at Laboratory of Solid Physics (LPS, Orsay). This imaging technique was employed to
observe the local structure and crystallinity of our sample. Interesting new features were
revealed and as seen in Figure 41, the rod contains ordered planes that taper towards the end.
The surface of the nanorod is decorated with 1 nm spherical nps. The distances were calculated

to be (001) = 0.5029 nm, (100) = 0.294 nm, (101) = 0.253 nm and the rods could be indexed
with Pébmm space group.
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Figure 39. High resolution TEM images at 200 kEV of AuPt cyanosol nanoparticles.

Discussion

It is well documented that the cyanoaurate precursor used in our synthetic procedure can be
used as a building block to manufacture novel porous and conducting materials. Gold has
special chemical properties and the propensity of d'® Au' ions to attract each other is one of
them. These aurophilic interactions are strong and responsible for the formation of gold planes
or sheets as seen in Figure 42. The Au atom forming the sheet are bonded to 6 other Au atoms
at a distance of 3.396 A. It is connected to another Au'through a cyanide bridge forming a
stable structure with k¢= 103’ M It has to be noted that this AuCN structure is usually formed
using the Elsner reaction in highly acidic conditions that can lead to poisonous side products
or via a radical-involved multi-step photochemical cyanidation of Au nanoparticles using

acetonitrile.?®

.
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Figure 40. Solid state structure of AuCN.**®

Here, we have demonstrated the formation of such a structure in water using a green process.
Combining the information obtained from the above mentioned characterization techniques,
a hypothesis on the formation of this unique AuPt structure is proposed. Our synthesis
conditions involves conversion of Au(CN)," into AuCN with the loss of one cyanide molecule.
In the presence of PVP and the activated Pt" complex, a ligand exchange takes place leading
to the formation of Pt-CN-Pt bridges. These cyanide bridges lead to formation of 1 nm
spherical Prussian Blue analogue (PtPt) nanoparticles that decorate the surface of gold
nanorod. As far as we know this is the first reported formation of such AuPt alloy nanoparticles
where the constituent metals retain their original oxidation states. They do not need to

61



2.5

2.5.1

252

undergo reduction to a purely metallic (Au® or Pt%) in order to form nanoparticles and remain
stable in solution. Photoluminescence originating from short Au-Au distances were expected,
but it is possible that incorporation of PVP within the structure during synthesis is responsible
for some quenching and would be investigated in the future.

IRON-PLATINUM PB ANALOGUE NANOPARTICLES

The iron-platinum (FePt) nanoparticles were synthesized in a single step using pure water as
the solvent. Various experimental conditions were explored and effect of parameters such as
concentration of precursors, temperature and time of reaction were investigated during the
thesis of Dr.Fetiveau. The aim was to achieve stable and self-standing solutions containing
nanoparticles of a controlled size. The optimised and most stable configuration required for
obtaining FePt cyanosol is described below.

Synthesis of FePt cyanosol

Potassium ferrocyanide (Ks[Fe(CN)s])(10mM) and potassium tetrachloroplatinate (Kz[PtCls])
(10mM) solutions were prepared in water. Each solution was heated to 55°C as previous studies
indicated that this temperature was required for thermal activation. Once a homogenous
solution was obtained, K>[PtCls] was added to the metal cyanide solution in one go, under
constant stirring. The mixture turned yellow in colour and the reaction was run for 60 minutes
while maintaining the temperature. The solution was cooled down to room temperature and
turned dark green in colour. 30 equivalents of PVP monomer (0.15 M) with respect to Pt(ll),
was introduced to the aqueous solution under constant stirring. The solution remained
unchanged in colour and was stable at room temperature. This sample would hereafter be
referred to as FePt cyanosol. It was ultra-filtered to remove unreacted precursors and washed
twice with water. This solution was analyzed regularly to investigate the evolution and for
biological tests. Addition of 9 volumes of acetone (with respect to 1 volume of colloidal
solution) led to a slightly turbid solution. Upon centrifugation at 8000rpm, 2°C for 90 minutes
a dark green precipitate could be obtained. It was dried under vacuum for many hours and
finely ground to get a homogenous powder that was used for chemical characterizations.

Characterization
2.5.2.1 Dynamic Light Scattering and Zeta potential

DLS experiments were effective in following the evolution of nanoparticles during synthesis.
FePt nanoparticles before the addition of PVP were around 150 nm in size. A drastic reduction
to around 2.5 nm was observed when the polymer was added indicating that aggregates of
nanoparticles were formed initially which could be disassembled by the addition of PVP.
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Figure 41. Hydrodynamic diameter measured (a) before (b) after PVP addition and (c) after UF
and concentration (d) zeta potential result of Fe-Pt cyanosol

Ultra-filtration of the solution (MWCO 3000) could be done without any flocculation which is
a further proof of small size and high stability of these nanoparticles. The filtrate was colourless
indicating no particles were passing through the membrane. Zeta potential measurements of
the cyanosol solution showed peaks at -23.5 mV with a shoulder around -45 mV. This is an

indication of stability as the negatively coated surface of nanoparticles would prevent their
aggregation over time.

2.5.2.2 Transmission Electron Microscopy

The particles in the colloidal solution could be visualized using TEM. The grid was pre-treated
with glow-discharge to make the surface hydrophilic and uniformly charged. The analysis
revealed well-individualised nanoparticles of FePt with an average size of 5.0 £ 0.9 nm. There
is no significant difference in the size of the particle upon coating with PVP polymer. In this
case, DLS measurements under-estimate the real size of the particles.
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Size (nm)

Figure 42. TEM image of Fe-Pt nanoparticles with corresponding size distribution chart

2.5.2.3 Energy Dispersive Spectroscopy

The EDS analysis was done in order to estimate the composition of Fe-Pt cyanosol powder.
This provided us with the amount of various elements like K, Cl, Pt and Fe in the sample and
each ratio was calculated from the atomic percentages. The formula unit of this compound is
K1.2PtClo.4[Fe(CN)¢]o.7@(PVP). We can consider that almost all chlorides have been exchanged
around the Pt, and that the remaining chloride are probably located at the surface of the
particles.

Figure 43. Results of EDS analysis on FePt nanoparticles
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2.5.24 Infra-Red Spectroscopy

The different bonds present in the sample could be characterised by IR spectroscopy. The
vibrations of cyanide functional group usually fall in the range of 2000-2200 cm™'. Depending
on the type of bond the peak shifts to higher or lower energies. In this compound three
significant peaks can be observed in this range.

-2072 cm": vibration of cyanide of Fe"-CN-Fe"
-2109 cm™: vibration of bridging cyanide of Fe"-CN-Pt"
-2130 cm™: vibration of cyanide linked to Fe"-CN 2™

It was expected that a small amount of Fe" would undergo oxidation during the synthesis
process to form the highly stable Prussian Blue and its characteristic peak at 2072 cm™ is
observed, in addition to the terminal Fe"-CN. The typical peaks of polyvinylpyrrolidone are
discussed in detail in section 2.4.2.6 and they are also observed together with the FePt signals
in the IR spectrum.

2300 2200 2100 2000 1800

Wavenumber (cm™)
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Figure 44. IR spectra of FePt cyanosol with inset zoom on cyanide region

65



2.5.2.5 X-ray Photoelectron Spectroscopy

The XPS analysis of deposited iron-platinum powder provides clear indication of iron in Fe"
state with Fe 2p edge located at 708.3 eV. It is characteristic of Fe'" bound to CN. The Pt binding
energy has shifted to slightly lower values of 73.5 eV which could be attributed to Pt" linked
to the N end of the cyanide bridge. As shown in Figure 47, the C 1s and N 1s peaks obtained
in the survey could be assigned to the cyanide bonds coming from the ferrocyanide and the
C-N and C=0 found in PVP polymer.
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Figure 45. XPS survey results of FePt nanoparticles
2.5.2.6  X-Ray Diffraction

XRD studies were performed in order to probe the crystallinity of the FePt nanoparticles. A
diffractogram of Prussian Blue nanoparticles of 3-5nm size would clearly reflect peaks related
to the FCC structure of the lattice?®’. Such peaks are not observed for FePt structures. The
obtained diffractogram is a characteristic of an amorphous compound. In the case of this type
of coordination polymer, defects are expected in the fcc structure due to partial chloride
replacement. The absence of crystallinity is probably due to these defects within the network
in addition to the minimal number of atoms being probed in such small particles.
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Figure 46. XRD results of FePt nanoparticles (*) indicates peak due to aluminium sample holder

2.5.2.7 UV-Visible Spectroscopy

UV-Visible spectroscopy provided further information about the constituents of the green
coloured FePt cyanosol. The spectra of the ultra-filtered cyanosol solution was recorded in the
300-1200 nm range. There are two significant absorptions : the intense peak in the ultra-violet
region, around 310 nm could be assigned to the metal to metal charge transfer between Fe'-
CN-Pt" pairs in the coordination network and broad band around 760- 820 nm. This confirms
the presence of a few Prussian blue (Fe"-CN-Fe'") pairs. The number of PB pairs formed are
extremely small (<5 %) because its molar absorption coefficient is usually around 7000 M™" cm®
! and plot shows & (800 nm) = 245 M 'cm. Therefore, the oxidation of Fe" to Fe'" during the

synthesis is very minimal. The formation still occurred due to the high stability of Prussian Blue
complexes.
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Figure 47. UV-Visible spectra of Fe-Pt cyanosol solution

Characterization results indicate that the chloride ligands from the tetrachloroplatinate
precursor are exchanged by the CN ligands from ferrocyanide to form FePt nanoparticles. The
iron (Fe') in octahedral geometry bridges through a cyanide linkage to platinum ions. But since
Pt" exists in a square planar configuration, 1:1 cyanide bridging between composite metal ions
would not be possible. Four Fe"-CN would surround 1 Pt" ion if all Cl are removed and 6 Pt"
would envelop 1 Fe'" ion. It explains the low Fe/Pt ratio in EDS. This Fe"-CN-Pt" coordination
network formed is full of defects compared to the fcc structure of Prussian Blue, as clarified by

XRD. Therefore, a roughly PB-like structure with vacancies and defects, is formed in this FePt
cyanosol.
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2.6

2.6.1

2.6.2

PLATINUM-PLATINUM CYANOSOLS

Inspired by the above results, attempts were made to synthesise cyanosols comprised of purely
platinum metal centres. Such coordination nanoparticles had never been synthesised or
studied previously. Higher temperature of activation was necessary to form these cyanosol
particles to induce ligand exchange between inert Pt(ll) complexes. Experiments were
conducted to obtain self-standing nanoparticles of a controlled size. The results obtained are
described below.

Synthesis of PtPt cyanosol

Potassium tetracyanoplatinate (Kz[Pt(CN)4].3H.0) (10mM) and K>[PtCl,] (10mM) solutions were
prepared in water and heated to 85°C. Once both the solutions were at the required
temperatures, platinum chloride was quickly added to the metal cyanide solution under
vigorous stirring. The mixture turned brown upon mixing but slowly changed to almost
colourless over the duration of 1 hour. The solution was cooled down to room temperature.
PVP monomer (0.15M) solution was added to the cyanosol with constant stirring at room
temperature. It was ultra-filtered and washed with water twice to remove all unreacted
precursors. The final solution was stored in a refrigerator at 4°C for further characterisation.
This solution would hereafter be known as PtPt cyanosol. Cetyltrimethyl ammonium bromide
(CTAB) (5mM) in methanol was added to induced flocculation. The mixture was centrifuged
(8000 rpm, 2°C) and pellet was formed. It was dried under vacuum for several hours and white
coloured powder was obtained for characterisation.

Characterization
2.6.2.1 Dynamic Light Scattering and Zeta potential

Hydrodynamic diameter of the synthesised Pt-Pt nanoparticles was measured using DLS. The
size of Pt-Pt particles was found to lie between 3-7 nm. Addition 30 equivalents of PVP led to
a shift to higher values of 8-10 nm. This was attributed to polymer coating and solvation shells.
Zeta potential of the solution was observed to be around -27 mV. These measurements
provide proof that the nanoparticle solution which could be synthesized at high
concentrations, are quite stable and no significant changes occur after ultra-filtration and
washing steps. Additionally concentrating the sample further for biological experiments did
not cause any deposition.
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Figure 48. Hydrodynamic diameter (top-left), after addition of PVP and UF (top-right) and zeta
potential (centre) of Pt-Pt nanoparticles

2.6.2.2 High Resolution Transmission Electron Microscopy

It was hard to detect PtPt nanoparticles with a good contrast using the normal electron
microscope. Therefore we resorted to HRTEM for the synthesised particles and this study was
performed by Francois Brisset at ICMMO, Université Paris-Saclay. The analysis revealed that
PtPt nanoparticles are spherical in shape and much smaller in size compared to its FePt
counterpart. Majority of the nanoparticles lie in the range of 1.7 £ 0.3 nm. This size is much
smaller than the hydrodynamic diameter obtained from DLS results, probably due to the
solvation shell and polymer coating. These results advocate that ultra-small nanoparticles of
controlled sizes could be obtained from this method of synthesis in pure water. This surfactant-
free method of forming cyanosols is simple and extremely efficient.
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Figure 49. HR-TEM images of PtPt cyanosol nanoparticles with corresponding size distribution
chart

2.6.2.3 X-ray Diffraction

Diffractogram of PtPt powder from 28= 10 to 50° were studied to check crystallinity of the
sample. The peaks characteristic of an FCC lattice of PBA were not found even with long
accumulation time. The only peaks obtained were that of the aluminium sample holder. This
is an indication that the nanoparticle size is too small or including defects, and thus cannot be
probed using XRD.

2.6.24 Energy Dispersive Spectroscopy

Elemental analysis indicated that the final compound was mostly composed of platinum (89
A%) with very little amounts of potassium and chlorine remaining within. Therefore almost all
chloride of KyPtCls has been replaced by nitrogen of cyanide around the Pt atoms. The formula
unit of the compound is Ko.1PtClo.1[Pt(CN)s] @PVP. A small amount of chloride atoms that are
present that may be located at the periphery of the particle.

2.6.2.5 Infra-Red Spectroscopy

The IR spectra (Fig.52 b) show peaks characteristic to the PVP coating at 2920, 2854 and 1660
cm™ in PtPt powder. There were two intense peaks in the cyanide region of spectra: 2150 cm’
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! arising from the terminal cyanide vibration of Pt"-CN while the 2201 cm™ could be assigned
to the higher energy vibrations of cyanide bridge between two Pt ions.
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Figure 50. (a) EDS analysis and (b) IR spectroscopy results of PtPt nanoparticles.
2.6.2.6 X-ray Photoelectron Spectroscopy

As mentioned earlier, XPS is a surface sensitive technique that helps detect the various ions
present in the synthesised compound by irradiating it with X-rays. The analysis results are
displayed in Fig. 53. The Pt" presence is clearly depicted by their binding energy peaks centered
at 73.8 and 77.1 eV. The C 1s spectral region show contributions of C-C, C-O and C-N from the
polymer. Potassium is not detected in this analysis, since CTAB was used to precipitate these
ultra-small nanoparticles from its solution form. So the CTA" ions exchange with the K*, which
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are then removed. The deconvolution of N 1s core level peaks suggests the presence of

cyanide bound to Pt" together with C-N originating from pyrrolidone moiety in the PVP.
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Figure 51. XPS survey results of PtPt nanopatrticles

Altogether, the data suggest that PtPt nanoparticles are formed by exchange of Cl ligands with
cyanide coming from Pt(CN)s*. Square planar Pt" complexes would organize into lamellar, 2
dimensional sheets composed of platinum separated by regular distances. The inorganic core
of PtPt nanoparticles is thus made of sheets of Pt"-CN-Pt" bridges that are held together by
other types of interactions (Pt-Pt, VdW). A 1.5 nm particle would contain sheets of 16 Pt atoms.

2.6.2.7 Optical properties

PtPt cyanosol is a colourless solution and as expected, the absorption spectra displayed one
intense band in the UV region, between 250-350 nm. However, fluorescence spectroscopy
provided some interesting results. These cyanide bridged Pt" containing nanoparticles are
highly photo-luminescent. As shown in Fig. 54 the maximum emission could be obtained upon
using the excitation wavelength (Aexc) of 390 nm. The broad fluorescence band is centered
around 487 nm. Diluting the sample brings down the emission. A drastic decrease is observed
upon addition of PVP to the cyanosol. At the same Pt concentration, introduction of PVP led
to a 68 % decrease in the observed emission ( green dotted arrow, Figure 54 b ). A small blue
shift can also be seen in this case. The maxima for PtPt@PVP is obtained at a Aexc of 380 nm
and consequently the emission band is centered around 466 nm. It was verified that the signal
was not coming from the Pt precursors used in the synthesis. Some studies done on metallic
Pt® nanoparticles show photoluminescence properties but as far as we know this is the first
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report on Prussian Blue analogue nanoparticles exhibiting strong emission in the visible

spectru m.
(a) Emission of PtPt cyanosol at different excitation
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Figure 52. (a)Summary of fluorescence studies on PtPt cyanosol and (b) effect of dilution and
PVP addition on emission maxima

Figure 53. Stacking features for infinite chains of Pt' complexes that affect the Pt--Pt
interactions: a) parallel stack b) oblique stack with equivalent distances and (c) oblique stack
with non-equivalent Pt-- Pt distances®""

This fascinating property could be attributed to the close Pt--Pt distances between the sheets
that are below 3.5 Angstréms (twice the vDW radius of Pt) as reported in the literature for Pt"
complexes.?'?'2 The 2D planes composed of Pt can interact and give rise to the strong
fluorescence properties. In analogy to studies on molecular complexes that show a direct

dependence (in the solid state) 2>

of the emission wavelength with the Pt-Pt distance, we
think the Pt-Pt distances are between 3.3 and 3.4 Angstroms. The dramatic decrease in
emission and shift to a lower wavelength could be due to a looser and less rigid structure, with
slightly larger Pt-Pt distances in the presence of PVP. A possible justification is that the polymer
may insert partly between the planes, having kind of an exfoliating effect or just exert some
strain on the surface sites of the particles. Some experiments have been tried to evidence this
(HRTEM and STEM with A.Gloter), but without success due to the ultrasmall size of the

particles.



2.7

2.7.1

As time was lacking, a complete study of the fluorescence properties will be done in
collaboration to determine the quantum yield and emission lifetimes, The influence of the
nature of the polymer on the emission will be checked in close future and may open interesting
ways to tune the emission. Fluorescence imaging will be performed once the particles are
internalised in cells to check if they retain their photoluminescence, which would be an
important result in our quest for theranostic nanoparticles.

STABILITY OF CYANOSOLS IN PHYSIOLOGICAL MEDIA

Regular monitoring via UV-Visible spectroscopic and DLS studies proved that all three
cyanosols were stable at room temperature in water and their composition did not change
with time. These nanoparticles were synthesised to act as radio-enhancing agents for cancer
therapy. So, they would have to be internalised into the cells of human body to play their role
as therapeutic agents. But in order to proceed further, we needed to investigate their
behaviour in the biological environment. Therefore, once the chemical synthesis and
purification of nanoparticles was done, the effect of two different physiological media on the
nanoparticle solution were studied. We could analyse the behaviour of particles during their
transport into the tumour and after internalisation in a cell. Very few studies report such
analysis but we wanted to know the complete effect in the media before moving on to
experiments with DNA and cells.

Fetal Bovine Serum

Fetal Bovine Serum (FBS) is used as a substitute that accounts for the environment of blood in
the body. It is mainly composed of bovine albumin, proteins, insulin, cortisol, hormones and
ions of sodium, potassium, calcium and most importantly phosphate. It is the closest available
substitute for studying the behaviour of nanoparticles during their transport to the site of
tumour. The nanoparticle solutions were exposed to the serum and their evolution was studied
at 37°C, to mimic the body temperature. UV-Visible spectroscopy was a convenient method
to follow the changes and kinetic studies were performed in the 300-1200 nm wavelength
range. Each solution was studied for 15 hours in the medium. It is assumed that within this
time the nanoparticles would be assimilated into the cancer cells. In the most ideal case, the
properties of cyanosol should remain unchanged over the first few hours of introduction into
the body. Results of the experiment are displayed in Figure 56 and changes observed in the
intensity of each peak over time is specified.

The iron platinum cyanosol underwent minimal change over the course of 15 hours in FBS
medium. There are 3 significant bands :

- at 772 nm contribution of Prussian blue pairs (Fe"-CN-Fe") which is at much lower energy
due to the effect of Pt"in the vicinity, as reported with Mn"
- at 410 nm due to LMCT of some Fe"-CN moeties due to a tiny amount of ferrocyanide
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oxidation to ferricyanide
- at 305 nm intense band related to Fe"-CN-Pt" pairs of the cyanosol.
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Figure 54. (a)Study of FePt cyanosol stability (b) PtPt cyanosol stability in FBS at 37°C in 15 hrs.
Inset- Plot of evolution of different peaks with time.

It is well established that phosphate ions have a special affinity towards ferric ions. The PO4*
present in FBS attack the Fe" ion containing pairs and reduce their numbers causing a slight
decline in the intensity of the peaks at 414 and 772 nm. This phenomenon is also commonly
observed in Prussian Blue -FBS experiments. However, the FePt characteristic peak around 305
nm does not undergo any deterioration over the course of 15 hours at 37°C.

The PtPt cyanosol has only one major peak around 300 nm which corresponds to Pt"-CN-Pt"
charge transfer band. The experimental results indicate that the composition of this
nanoparticle does not change in biological media (Figure 56 b). The peak remains almost
constant even after 15 hours of exposure to the serum. These experiments provided an
indication that these nanoparticles would remain unaffected and stable during its transport
within the human body. The gold platinum cyanosol has intense bands between 300 and 415
nm. The impression of hypsochromic shift is indeed related to the saturation of the band
around 350 nm. A decrease in intensity upon increasing incubation time in the serum at 37°C
is observed, although it is very slight. The much larger size of these nano-objects may be less

stable in the presence of proteins over long times, and we attributed this decrease to a slight
deposition.
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2.7.2
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Figure 55. Result of Au-Pt stability in FBS study. Inset: evolution of major peaks with time.

Artificial Lysosomal Fluid

Nanoparticle-cell interactions have to be studied prior to their use in biomedical applications.
It is a known fact that when NPs are taken up by the cells, they get localised in lysosomes.
These organelles contain hydrolytic enzymes that are capable of digesting biomolecules and
foreign materials. Hence, if the synthesised cyanosols can survive the lysosomal fluid they
could remain stable inside cells in the body. The environment of lysosome can be mimicked
chemically by using Artificial Lysosomal Fluid (ALF). ALF is an acidic solution containing many
chelating and reducing agents and was prepared in the lab using citric acid, sodium hydroxide
and various proportions of different chloride, sulphate, tartarate, lactate and pyruvate salts.
Each of the cyanosol solutions were exposed to ALF and monitored for 6 hours at 37°C. The
evolution of their signals with time is demonstrated in Figure 58.
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Figure 56. Evolution of major peaks of Fe-Pt in the presence of Artificial Lysosomal Fluid
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2.8

The charge transfer band of FePt cyanosol at 305nm remains unchanged over this duration.
This is an indication that the Fe-CN-Pt composition of the nanoparticle does not undergo any
change in the acidic ALF. The peak at 414 nm displays a minor increase in intensity suggesting
a slight oxidation of Fe" to Fe"' with time. The intensity of Fe"-CN-Fe" peak (825 nm) decreases
to the same extent due to the same reason. The PtPt cyanosol remained extremely stable in
ALF showed no evolution with time. The signal saturates in the UV region of 240-300 nm. But
the evaluation at 316 nm proved that there was very minimal change over 6 hours. Gold
platinum cyanosol also gave similar results (plots in annex 6.2.5). There was no decay in the
characteristic band indicating that these nanoparticles remain stable even in this highly acidic
medium. Therefore, it can be asserted that all three novel, coordination nanoparticles of Fe-
Pt, Pt-Pt and Au-Pt do not experience any significant damage in the lysosomal fluid. In
conclusion, the cyanosols synthesized using a green process in water did not suffer any major
change or decomposition in the physiological medium and could be used for further biological
tests.

IRRADIATION EXPERIMENTS

The nanoparticles were synthesised for use as enhancers for radiation therapy, so the next step
was check if they remain intact when irradiated with high energy y-rays. The experiment was
conducted in collaboration with Prof. Hynd Remita at Institut Chimie Physique (ICP), Orsay.
The Cobalt-60 gamma source at ICP was utilised as the radiation source. As discussed in
chapter 1, the idea behind using high-Z metallic nanoparticles as radioenhancers is to increase
the amount of radicals formed upon radiation. These generated reactive oxygen species (ROS)
can cause damages to the DNA of diseased tumour cells which could lead to their death and
elimination. So it is important that the nanoparticles used for such processes remain intact and
maximize the amount of radicals formed upon irradiation with high energy beams. The
formation of radicals could be detected in an indirect manner using one of the precursors:
potassium ferrocyanide. Spectral study of radiated ferrocyanide solution shows an LMCT band
of ferricyanide appearing around 400 nm. This oxidation of Fe"into Fe'' is triggered by the ROS
generated upon water radiolysis. So control experiments were done simultaneously using all
precursor solutions (Ks[Fe(CN)e], K2[Pt(CN).] and K[Au(CN).] ) and the effect of the presence of
PVP was investigated. Cyanosol and control solutions (2.5mM) were first degassed with N.O
and irradiated for 1 hour under the dose rate of 4kGy/hour. UV-Visible spectroscopy was
employed to study the changes before and after radiation.

Similar experiments were performed during the doctoral thesis of Dr.Fetiveau. The
nanoparticles synthesized involved coating with dextran and hence the control experiments
involved studying the precursor in presence of this polymer. As demonstrated in Fig.59 (a) an
LMCT band appears on irradiation of Fe" solution, but the band vanishes and no ferricyanide
is produced when dextran is present in the sample. This indicated that the radicals generated
during the process were scavenged by the dextran. It was an unfortunate result and this is one
of the main reasons we resorted to evaluating other polymer coatings to make the
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nanoparticles more biocompatible. While maintaining comparable conditions, a mixture of
precursors with and without PVP were irradiated for 1 hour and the obtained results are
described in Figure 59 (b). It can be clearly seen that presence of PVP yields the exact same
signal in the visible region as the control solution. Sufficient ferricyanide (Fe") is formed due
to the radicals and the PVP present in the solution does not hinder this oxidation process.
Thus, the problem of radical scavenging could be rectified and nanoparticles coated with PVP
could be effectively used as radioenhancers.
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Figure 57. Spectra denoting changes in solution upon irradiation of ferrocyanide precursor with
(a) dextran polymer and (b) PVP

Once it was determined that the polymer coating would not cause issues with the radical
scavenging, the next step was to verify if the Pt containing nanoparticles would remain intact
upon radiation exposure. UV-Visible spectra of nanoparticle solutions before and after
radiation revealed that no significant changes occurred in FePt and PtPt cyanosols. However,
in the case of AuPt cyanosol, a band around 540 nm appeared post irradiation (Figure 60). This
is due to surface plasmon resonance in pure gold nanoparticles. They could be formed by
reduction of some Au' from the nanorods to Au® due to the applied gamma radiation of 4000
Gy. TEM and DLS analysis were also used to verify the results. The size of all nanoparticles
remained almost the same before and after radiation. TEM images revealed that irradiated
AuPt cyanosol contained 2nm spheres along with approximately 30 nm nanorods. It has to be
noted that in medical applications, heavy dose of 4000Gy would never be applied. Therefore,
our cyanosols would not change in composition and remain stable during the course of
radiation treatment.
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Figure 58. Effect of radiation on AuPt cyanosol observed via (a) UV-Vis spectra and (b) TEM
analysis. SPR band indicates generation of pure Au nps, verified by TEM (arrows).

EVALUATION OF THERAPEUTIC ACTIVITY

The nanoparticles discussed in this chapter were developed with high-Z metals for application
in radiation treatment of tumours. It is known that DNA molecules are critical structures
responsible for proliferating the overall population of diseased cells and ionizing radiation can
induce many changes within the nucleotides. A first indication of the therapeutic efficiency of
these radioenhancers could be obtained by studying its effect on similar biomolecules.
Plasmids are commonly used for such experiments. Bollivar and Rodrigues pBR322 is a double
stranded circular plasmid containing more than 4000 base pairs. When the strands that make
up the DNA structure are broken by radiation, cell death is induced. Ideally the presence of a
high-Z enhancer amplifies the damaging effect, leading to single and double strand breaks in
the plasmid (chapter 1, section 1.3). This could be quantified experimentally and is discussed
in this section. Another important factor pertaining to use of nanoparticles for biomedical
applications is their safety. In order to be used as therapeutic agents the additives need to be
non-toxic to the healthy cells of the body. Cytotoxicity studies were also performed using the
synthesized cyanosols. The experiments were performed at Institute of Molecular Sciences,
Orsay (ISMO) under the guidance of Erika Porcel and Sandrine Lacombe. The protocol was
developed by their Nanomedicine and Hadrontherapy team and involves multiple steps which
are described in the next section.

Radiation response of cyanosols
2.9.1.1 Sample preparation

The ultra-filtered and washed nanoparticle colloidal solutions were diluted to a total metal
concentration of 4x10°M before conducting the experiments. The nanoparticles had to be
combined with plasmid prior to irradiation. Plasmid pBR322 and Tris-EDTA (TE) buffer was
used for this purpose. The specific amounts of each additive are tabulated in annex 6.2.6. The
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mixture was incubated for 1 hour to ensure binding of nanoparticles to the plasmid. Each
solution was split into 6 aliquots of 20l to be irradiated with different doses of radiation. The
experiment was performed using the Cobalt-60 gamma source in ICP, University Paris-Saclay.
The energy of radiation is 1.25 MeV and dose rate supplied to the solutions was 3.96 Gy/min.
Depending on the duration of radiation, dose supplied to each aliquot of NP+plasmid solution
would be different. This was done so as to follow the trend of DNA damage with the amount
of radiation (0-160 Gy).

2.9.1.2 Gel Electrophoresis

Two 14 well gels were prepared using Agarose D5 in Tris-Acetate EDTA (TAE,1x). The gels were
introduced into the electrophoresis tank and covered with TAE solution. Once the irradiation
was complete, DNA loading dye (blue R0611) was added to each of the samples. 9 pL of this
blue mixture was carefully deposited inside the wells of the gel in increasing order of dose
supplied. The gel was placed in a refrigerator at 4°C. Voltage of 80V was applied to the system
and ran for three hours. DNA was stained using Ethidium Bromide (EB) solution to make it
visible under UV light. The gel was washed with water before transferring it into the
Transilluminator. The separated fractions could be visualised by exposing each gel for 3
seconds under UV light and a CCD camera was used to capture the image. It could be observed
that the plasmid separated into three bands after migration depending on their size. The
supercoiled form (S) is the original form of plasmid and represents the undamaged DNA. It
migrates the farthest distance from the wells because it occupies the smallest diameter. When
DNA undergoes a single strand break (SSB), the structure is unwound and the relaxed
conformation (R) is formed. It occupies a large volume, thereby travelling the slowest upon gel
electrophoresis. Its presence is recorded closest to the well. The intermediate band originates
from the linear conformation (L), which only arises when a double strand break (DSB) occurs.

Obtaining large amounts of the L form is rare because the lesions need to be well orchestrated
for a DSB to occur. These breaks are infrequent but highly lethal and cytotoxic for the cancer
cells. The objective of using radioenhancers is to maximize these DSBs, since it is an irreparable
type of damage. As shown in Figure 61, increasing the dose of radiation leads to a marked
increase in the amount of L and R conformers and with image analysis the yield of SSB and
DSBs could be calculated.
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Figure 59. Gel electrophoresis results of 2 sets of nanoparticle+plasmid solutions. Direction of
arrow indicates increasing dose of radiation. Zoomed view of irradiated DNA separated into 3
constituents depending on type of strand break

2.9.1.3 Results and discussion

The images obtained were analysed using Image) software. The intensity of a band
corresponded to the amount of that particular conformation of DNA. Normalisation is done
to take into account the fact that Ethidium Bromide binds 1.47 times less with the supercoiled
form. Single and double strand breaks could be quantified by using these mathematical

formulae:*'®

Normalisation Constant (N)= 1.47xS + R+L
S'=1.47xS/N; R'= 1.47xR/N; L'= 1.47xL/total
SSB per plasmid= In[(1-L")/S]

DSB per plasmid= L'/1-L

Control experiments (plasmid without nanoparticles) were also performed simultaneously. It
represents radiation treatment in the absence of radioenhancers and the amount of damage
that can cause to the cancer cells. Experiments were repeated multiple times to ensure
reproducibility of results. It has to be noted that some variations in the environmental
conditions and power of Co-60 radiation source occur over time and it can affect the final
result. Sensitizing factor (SF) is the quantitative measure of efficiency of nanoparticles for the
treatment. It is the ratio of strand breaks per plasmid per Gray induced in the DNA loaded with
nanoparticles, compared to the control. SF of each nanoparticle could be calculated from the
slope (m) of the curve (linear fitting) in the following manner:
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m(SSB, DSB) yp
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\) FSSB,DSB =

Results obtained over the span of 3 years indicate that all of the synthesized cyanosols amplify
the damage on DNA upon radiation. It was observed that AuPt, FePt and PtPt (5.3 x10° M)
improve the number of single strand breaks and display an SFssg value between 1.2 and 1.5.
However, double strand breaks are of higher significance as it causes multiple mutations and
cell death. The number of lethal nanometric DSBs generated, are presented in Figure 62 as a
function of radiation dose.
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Figure 60. Nanometric double strand breaks induced by y-radiation in plasmid nanoprobes in
presence of FePt (green), PtPt (red) and AuPt (yellow) and their respective fitted curves
Quantifying the DSBs for each cyanosol revealed that AuPt nanoparticles (nps) are not as
efficient as FePt and PtPt. However, it has to be noted that the AuPt nps are 6-7 times larger
than FePt, and have a different elongated shape. Some studies on gold nanoparticles have
shown that both size and shape significantly affect the binding and uptake of particles which
drastically change the radiosensitivity.2'?'® Also, since the size of gold-platinum nps are big,
the number of atoms available on the surface are much lower as compared to a 1 or 5 nm
particle. This could possibly be a cause of lower number of interactions with the radiation,
thereby reducing the DSBs. Therefore, changing the experimental conditions or using a higher
concentration of AuPt cyanosol might improve the performance of these nanoparticles.

The results also indicate that FePt and PtPt nanoparticles behave quite similarly. It was found
that the obtained data aligns better using a polynomial fitting curve (R? between 0.96-0.99).
This is an indication that the complex damages occur as a result of single ionizing events
coupled with secondary effects rising from the presence of radicals. The number of nanosized
breaks/plasmid/ Gy was calculated for both cyanosols and is tabulated in the annex 6.2.6, table
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12. The sensitizer enhancing ratio (SER) was calculated at each dose to quantify the amplifying
effect of FePt and PtPt nps using the equation:

SER= DSchanosol/ DSBcontrol

here, DSBcontrol cOrresponds to the number of nanoscale damages per plasmid upon a certain
dose of radiation while DSBcyanosol indicates the same in presence of plasmid loaded with
nanoparticles.

Table 3. Sensitizer enhancing ratio (SER) of FePt and PtPt nanoparticles at different radiation
doses

Dose (Gy) SER FePt  SER PtPt

30 1.34 1.49
65 1.44 1.48
95 1.51 1.48
125 1.55 1.47
160 1.59 1.46

It is interesting to see that with PtPt cyanosol, irrespective of the dose supplied, an almost
constant enhancement in double strand breaks in the range of 46-49% is obtained. On the
other hand, FePt nanoparticles produce a comparatively smaller effect at low doses (SER 1.34
at 30 Gy) and sequentially intensifies its damage to the DNA with increasing dose of radiation
(1.59 at 160 Gy). Therefore, even at a minimal concentration of 5.3 x 10°® mol.L", both
nanoparticles amplified the effect of radiation on plasmids, indicating that they act as
radiation-enhancing agents. These experiments help in understanding the molecular
mechanisms behind radiation treatment. The aim is to maximize the amount of damages to
the cancerous cells, instigate quick apoptosis and minimize the possibility of regeneration
while applying a safe dosage of radiation. Therefore, even the lowest ~30 % amplification in
DSBs in the presence of these porous coordination nanoparticles, synthesized in a green and
inexpensive manner is very significant.

In-vitro studies

Once it was established that cyanosols are capable of producing a amplified effect on plasmid
damage, it was necessary to verify if they are safe and non-toxic for medical applications. The
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first step was to know the effect of nanoparticles on the cells. The in-vitro cytotoxicity studies
were performed using FePt and PtPt nanoparticles on fibroblast, HelLa (cervical cancer) and
PC3 (prostate cancer) cell lines. The experiments were performed in the biological L2
laboratories of ISMO, Université Paris-Saclay by Farah Savina and Erika Porcel. Two types of
studies were done and the results are discussed in this section. The results of AuPt cyanosols
are not presented here as they were found to be toxic, maybe due to some release of cyanides.
They were also found not to be very efficient as radio-enhancers for double strand breaks.

2.9.2.1 MTT assays

MTT cell-proliferation assay is a colorimetric method to determine cell viability. It utilizes 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT-yellow colour) that
interacts with mitochondrial reductase enzyme from live cells and undergoes conversion to
formazan. Formazan has a purple colour and the absorbance could be recorded with a
spectrophotometer. The signal intensity depends on the concentration of formazan in the cell,
which is directly proportional to the amount of cells alive after incubation with nanoparticles.
It is a rapid and convenient technique to determine the toxicity of a certain reagent. The assay
involves multiple preparation steps for different solutions (MTT dye, lysis buffer, menadione
negative control etc.) that is described in the annex 6.2.7.

Cyanosol solutions were ultra-filtered and washed twice with water before being frozen and
converted to a powdered form using lyophilisation. The green (FePt) and white (PtPt) powders
obtained were dissolved in 500 uL of sterile water to make a concentrated mother solution (25
mM). Depending on the cell lines used for the experiment, these NP solutions are dispersed in
the complete medium containing 10% FBS, 1% P/S (penicillin-streptomycin) or S/S, 1% L-glu
and RPMI or DMEM. The cells are plated in 11 columns of a 96-well plate and four
concentrations (1 mM, 0.5 mM, 0.25 mM and 0.10 mM) of each cyanosol were studied
simultaneously with the control. The remaining column contains the medium for a blank
measurement. Optimization of several experimental conditions, including incubation time
were necessary. It was determined that a total of 6 hr incubation for nanoparticles with cells,
at 37°C gave the best results. One of the columns is reserved for a negative control experiment
and menadione solution is added to each of the wells. Once the allotted time ends, the
medium is removed from each well and replaced with MTT solution. The well plate is incubated
at 37°C for 4 hr to allow the dye to interact with the cells that remain alive after interaction
with the nanoparticles. Then, a previously prepared lysis buffer containing acidified
isopropanol is added to the MTT containing cell plates. This is done to dissolve the insoluble
formazan crystals before analysing the plate under Glomax spectrophotometer. The
absorbance at 560 nm is recorded over a period of 9 hrs and the signal of the treated cells are
compared against the control samples. After correcting the absorption contribution from the
medium, the obtained results are plotted as a function of time (Figure 63) . The time point
where the curve appears linear is considered for calculating cytotoxicity.
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Figure 61. MTT assay results of PtPt nanoparticles on healthy fibroblast cells (top) and prostate
cancer cell lines(bottom) and corresponding cytotoxicity plots expanding on the 5 hr time point.
The effect of PtPt cyanosol on two types of cell lines is demonstrated in the figure 63. It can
be clearly seen that these Pt containing nanoparticles do not harm the healthy, primary
fibroblast cells, as 97.5% cells survive even at the highest concentration of 1 mM. Its interaction
with prostate cancer cells appear more toxic as the cell survival falls to 78% at the same
concentration. The values obtained at each concentration for both cyanosols is reported in the
table 13, annex 6.2.7.

Since the final result of this assay relies strongly on the absorption values (Asso nm), there were
some complications to gather reliable data for iron-platinum cyanosol. This is because the
coloured FePt solution also absorbs in the same region and leads to an over-estimation of cell
survival especially at the highest concentration. Various experiments with FePt controls were
performed to rectify this issue but the final results were not consistent. Other limitations to the
MTT assay have also been reported, for example a decrease in the D-glucose or NADPH in the
culture medium could decrease the formazan production from the dye leading to lower OD
values even if the added NP is non-toxic.”’® On the other hand, cells undergoing apoptosis
could reduce MTT in the early stages as the mitochondria still remains intact. This assay
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indicated that PtPt is primarily non-toxic but to obtain better and precise results for each
cyanosol, clonogenic experiments were conducted.

2.9.2.2 Clonogenic Assay

Clonogenic assay evaluates the ability of cells to divide and proliferate after being introduced
to an external factor. It is also called a colony formation assay as it relies on the ability of a
single cell to grow into a colony. The number of colonies formed after incubation with nano-
agents determine their survival rate, which in turn provides information on its toxicity. The
effect of concentrations (0.1-1.0 mM) for each cyanosol was studied. This was done to attain
the most optimum concentration for further experiments. It is a multi-step experiment
spanning over 2 weeks. Concentrated mother solution with total metal concentration of 25
mM was prepared in the lab by ultra-filtration. They were dispersed into the required
physiological medium (DMEM or RPMI with 10% FBS and 1% P/S). Depending on the number
of samples to be analysed, cells were prepared in 6-well plates (seeded ~160,000 cells per
well). They were incubated with different concentrations of FePt and PtPt nanoparticles for a 6
hr duration. Then the medium containing nanoparticles are removed and washed with PBS.
After trypsinization, the cells are transferred into petri-dishes (~400 cells per dish, 3 dishes per
concentration). They are incubated at 37°C under 5% CO, for 14 days. The cells that survive
after exposure to NPs would divide several times and form colonies. Control samples (no
cyanosol) are also prepared simultaneously. At the end of incubation time, the cells are killed
using methanol and stained with methylene blue. The cleaning and staining process is
performed carefully under a fume-hood. Once the washing is complete, stained colonies are
clearly visible. Each petri-dish is then manually counted to determine the cell viability. The
fraction of cells alive in presence of nanoparticles with respect to the control gave an estimate
of toxicity of our samples. Each measurement was triplicated to obtain an average value within
a margin of error. The experiments were repeated multiple times with different cell lines to
ensure reproducibility.

Number of cell colonies

Control FePt TmM FePt 0.5 mM FePt 0.25 mM PtPt1 mM PtPt 0.5 mM

Figure 62. Results of PC3 cells clonogenic assay.
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Some of the results were inconclusive, for example a study done using PC3 cells (results: Fig
64). Although the margin of error is high, it could be seen that FePt (0.25 mM) and PtPt (0.50
mM) are non-toxic, as the number of cells that survive in these conditions are comparable to
that of the control. However, these results cannot be used as this set of experiments displayed
an extremely low plating efficiency. Instead of the 25% cell plating expected for PC3 cells, only
6% of the seeded cells were attached to the petri dish surface, even in the control sample. This
is a clear indication that small differences in the environmental/ experimental conditions (here
new batch of serum used) can drastically affect the final result.

Results of in-vitro studies performed with Fibroblast and Hela cells displayed a clear trend of
toxicity with increasing total metal concentration in the nanoparticles. The primary fibroblasts
are biologically relevant tools for measuring toxicity of nanoparticles towards healthy cells,
while Hela can provide an indication of their behaviour towards cancerous cells. It has to be
noted that fibroblasts are much more sensitive cells as compared to HelLa and therefore the
expected survival percentage is slightly lower in their case. According to the international
standard for biological evaluation of medical devices, a sample is considered non-cytotoxic
when even the highest concentration provides 70% cell-survival.??° The fibroblast cell viability
is close to 80% at the highest [metal] of 1 x10 M for both nanoparticles indicating their
safety for medical applications. Hela cells appear more sensitive to the presence of
nanoparticles as they reach the same limit at 0.5 x 10> M concentration. So, both FePt and PtPt
nanoparticles are safe for Hela cells upto a concentration of 0.25 mM. This concentration was
used for further experiments for estimating cell survival on exposure to ionizing radiation.
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Figure 63. Survival ratio of cells incubated with FePt and PtPt nanoparticles evaluated in (a)
Fibroblast and (b) Hela cell lines

Radiation response of cyanosol on cells

The impact of radiation on cell survival in the presence of prepared cyanosols was also
evaluated using a clonogenic assay. Hela cells were cultured in T25 flasks and maintained at
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37°C overnight, in a humidified 95% air-5% CO, atmosphere. They were then incubated for 6
hours with enriched culture medium containing FePt and PtPt nps at 0.25 mM total metal
concentration. The cells with the nanoparticles, as well as the control containing an equivalent
amount of water were irradiated using '*’Cs-radiation source, Institute Curie at room
temperature. The dose supplied ranges between 0 and 7.5 Gy. After the exposure, the cells
were seeded onto petri-dishes to start the standard 14 days culture. The colonies formed were
fixed and stained using 0.5% methylene blue 50% (v/v) methanol solution and counted
manually. Survival fractions (SF) at each dose were calculated and the data obtained was
normalized against the corresponding control. Each measurement was performed in triplicate
and the average was used to determine the efficiency of the synthesized nanoparticles. The
obtained SF results are plotted in Figure 66. The percentage of surviving cells sequentially
decreased as a result of radiation, but this decline is significantly amplified in the presence of
FePt and PtPt nanoparticles.

The colony count data was fit using a linear-quadratic model (LQM) on a logarithmic scale (SF
vs dose) using equation:

SF(D) — e—(aD+[S’D2)

here D corresponds to dose supplied, while parameters a and B describe the cell's
radiosensitivity. a represent directly lethal damage whereas 3 term corresponds to additive
sub-lethal lesions, ultimately causing cell death®' and the values obtained are reported in
Table 4.
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Figure 64. Survival fraction of HeLa cells with 0.25 mM nps : FePt and PtPt compared to the
control on increasing dose of radiation. The fit of data obtained using LQM (dotted lines)
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Table 4. Values of a and B obtained through the fitting curve for cyanosols and control
experiment in HeLa cells in the presence of radiation.

Sample a (Gy™") B (Gy?) o /B (Gy)

Control 0515+ 0.050 0.021 £ 0.007 2430+ 944
FePt 0.464 £0.050 0.044 + 0.008 10.57 + 2.21
PtPt 0.500 +0.049 0.034 +0.007 14.38 + 3.56

The o /B provides the dose (Gy) at which 50% of the damages caused to the cells are due to
directly lethal effect of radiation while the rest are a result of additive damages, triggering a
lethal consequence. The alpha values are quite similar for the control and cyanosol containing
cells, indicating that the number of directly lethal damages produced as an effect of radiation
does not vary. However, the B shifts from 2.1 x 10 Gy for the control to significantly high
values for PtPt (3.4x 102 Gy™). In case of FePt nanoparticles the B is more than double the
control at 44 x 10 Gy™. Once the a and B values were determined, SF values at each dose
point could be accurately calculated. The effectiveness of these nanoparticles as radio-
enhancing agents could be quantified by means of SER, calculated using equation 2:

SER = SF control, ﬁt/SFcyanosol, fit (2)

here, SF controt@and SFeyanosol cOrrespond to the respective survival fractions from the fitted curve
at the same dose of radiation.
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Figure 65. SER calculated for FePt and PtPt nanoparticles at each radiation dose.

Results suggest that a dose of 3 Gy is essential to observe the enhancement effect in presence
of these nanoparticles. At 4.5 Gy, both nanoparticles improve the cell death by approximately
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20 % (SER 1.25). As the dose supplied to the sample increases, high SERs of 1.92 for PtPt and
2.45 for FePt could be observed. It indicates that 2.5x10* mol.L"" concentration of the
cyanosols is capable of amplifying the cell death by 48 % (PtPt) and 59 % (FePt). This is a very
positive result as the cyanosols could be synthesized in a green and surfactant-free manner in
pure water without the use of expensive reagents or experimental conditions and they are still
able to perform as excellent radio-enhancers.

CONCLUSION AND PERSPECTIVES

This chapter summarizes the work carried out during this doctoral project on developing new
Prussian Blue analogue nanoparticles with a heavy metal. The focus was on achieving stable,
self-standing particles in water using a green synthetic process. Various methods were
employed and three novel, well-individualized porous nanoparticles composed of iron-
platinum, platinum-platinum and gold-platinum were obtained. Synthesis and complete
characterization of these negatively charged PBA is reported above. They possess interesting
nanostructures. Original platinum decorated AuCN nanorods could be obtained without the
use of harsh experimental conditions. High concentrations of the ultra-small FePt (5 nm) and
PtPt (1 nm) coordination nanoparticles were synthesized in standard laboratory conditions in
pure water. These newly synthesized “cyanosols” were post-coated with polyvinylpyrrolidone,
a biocompatible polymer. Experiments were conducted to evaluate the stability of these
nanoparticles in physiological media like FBS and ALF, which yielded positive results. Then, the
possible applications were studied. A high magnitude of gamma radiation did not cause any
damages to the composition of the nanoparticles indicating that they could be used as
enhancing agents for radiation treatment of cancers. Tests conducted on plasmids revealed
that these nanoparticles demonstrate a marked increase in the number of lethal double strand
breaks which could lead to death of cancerous cells.

The in vitro tests revealed that FePt and PtPt nanoparticles were safe for healthy primary
fibroblast cells even at high concentrations. In the presence of an ionizing radiation beam,
strong cytotoxicity towards cancerous Hela cells could be observed with the cyanosols. The a
and B values obtained suggests that the mechanism of action is different as compared to usual
dense metallic nanoparticles used. It can be hypothesized that water molecules coordinated
to the surface of the nanoparticle as well the ones constantly diffusing through the porous
network are available for conversion to ROS. The Auger electrons generated as a result of high
energy radiation on Pt-containing nanoparticles form a higher number of radicals that could
be quickly dispersed through the system due to porosity of the nanoparticle. This maybe the
cause of markedly high amount of sub-lethal damages that is transformed to a final lethal
effect in the cell. The pure Pt coordinated, 1 nm particles amplify cancer cell killing to 48 %,
while 5 nm FePt nanoparticles show a 59 % enhancement in cell death at high doses. The
possibility that these iron containing nanoparticles are better internalized within the cells is
currently being investigated using ICP measurements. A recent work has shown that bi-
metallic, dense gold-platinum core shell nps induces higher number of nanosized breaks when
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compared to pure gold nps.??? Our results with porous bimetallic iron-platinum nanoparticles
line up with this established phenomenon and the combination of two metals maybe the
reason for the enhanced activity.

The chemical design of these Prussian Blue-like nps allow for easy modification of the structure
through coordination networks. Doping with paramagnetic gadolinium ions could impart
strong MRI contrast properties and lead to image-guided treatments. Anti-cancer drugs could
be encapsulated to facilitate synergistic chemo-radiotherapy. Importantly, PtPt nanoparticles
are photo-luminescent and this opens the door to many new possibilities. Tuning of the
emission wavelength with the nature of the coating is expected. Fluorescence lifetime imaging
experiments have been planned for the future. The potential of such highly stable coordination
network-based nanoparticles will be further developed to obtain multimodal theranostic
platforms.
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ASSEMBLIES OF ULTRA-SMALL THERANOSTIC NANOPARTICLES

3.1

INTRODUCTION

Nanoparticles display many interesting and unique behaviours due to their small size and large
surface area. These physicochemical parameters lead to them having a wide-range of
applications ranging from catalysis, sensors, batteries to imaging and disease treatments.
Creating assembilies of such nanoparticles could provide super-structures with many attractive
properties. The design and construction of assemblies by controlling the size, shape and
morphology is a challenging topic because conventional nanoparticles cannot completely fulfil
all the requirements for certain applications.’® The assemblies have properties that differ from
the bulk as well as individual particles. Various studies have shown that the novel NP
ensembles created, enhance the existing optical, electronic, magnetic and mechanical
properties, while sometimes introducing dynamic new capabilities. These previously unknown
properties usually emerge from the strong coupling between assembled nanoparticles.'®* This
doctoral project is focussed on bio-medical applications of nanoparticles and their assemblies.
Although some groups have worked in this direction, the focus has majorly been on gold
nanoparticles. By aggregating Au nps or densely packing them into vesicles, the assembled
structure show significant improvement in photothermal conversion and enhances the
photoacoustic imaging capabilities.???* 1t is well-established that assemblies can prove highly
advantageous for nanomedicine and drug-delivery applications. The increase in size can
ensure prolongation of circulation half-time and enhance permeability during delivery to the
target site. Nanocapsules (180-500 nm) were fabricated by Zhao et al.?®*, involving many
polymers and up-down conversion nanoparticles for encapsulating doxorubicin. These
capsules show four-fold accumulation within tumours and could undergo NIR-light triggered
decomposition into 20 nm particles. These are smart and useful delivery vehicles but their
synthesis involves long and multiple complicated steps in organic solvents, under harsh
conditions including etching with concentrated NaOH.

A similar work involving Prussian Blue nanoparticles (40 nm) enclosed within a polymer shell
was discussed in Chapter 1. Apart from the fact that there is no information available on the
fate of the ~ 240 nm PB nanococktail particles, the drug loading percentage was also quite
low at 7.2 %."®* Prussian Blue nanoworm type structures were developed using block ionomers.
It self-assembles in organic solvents into cylindrical micelles and were used as precursors to
form metal oxide structures.”®’ X.Roy et.al also developed hollow PBA nanocontainers using
an emulsion-induced method. However, this innovative method to form nanorings (Figure 68),
requires a mixture of chlorobenzene, THF and water, and it remains stable in solution only for
a few days.?*
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Figure 66. Synthetic approach to soluble block ionomer-PBA capsules through emulsion induced
assembly. TEM micrograph of Zn-cross linked Fe-BI-75 and ZnFe-MOC-75 hollow aggregates.7

So far, there is a shortage in the field of nano-assemblies composed of Prussian Blue and their
possible therapeutic applications. This chapter summarizes the work done on developing a
controlled assembly of ultra-small PB nanoparticles using a green synthetic route. PB is chosen
as the area of focus because of its versatile ability to act as photo thermal therapeutic agent,
being a FDA approved drug, as well as a contrast agent for magnetic resonance imaging. Large
(50-150 nm) aggregates could improve EPR effect, provide better MRI contrast property and
increase the surface area available for drug encapsulation. The path followed in this project
strictly uses water as the medium and only biocompatible additives that lend favourable
properties to these theranostic nanoparticles. Coordination and polymer chemistry lays the
foundation on which these novel nanostructures are constructed. Many synthetic routes, using
multiple reagents were employed over the course of three years but only the most optimized
path, capable of generating controlled assemblies would be discussed in detail. Complete
characterization of PB assembly and the ability to diversify the formation route with new
chelators and nanoparticles are explored.

PRUSSIAN BLUE NANO-ASSEMBLIES
Synthetic strategies

Ultra-small nanoparticles of Prussian Blue are synthesised in water using potassium
ferrocyanide and ferric nitrate (0.5 mM each), while maintaining the reaction temperature at
2°C. The detailed procedure was discussed in chapter Il. Once formed, the nanoparticles are
extremely stable in solution. It maintains a hydrodynamic diameter of 5.3- 7.5 nm and has a
negative zeta potential around — 25 mV. Since the surface of each individual nanoparticle is
highly charged, they tend to remain separated and well-dispersed in solution over long
periods of time. Hence, the strong electrostatic repulsions are the basis of their stability. In
fact, this is one of the main factors hindering the formation of assembilies, as the particles need
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to be brought closer with short interparticle interactions, in order to link them together.
Polymer assisted PB assembly formation using poly y-cyclodextrin citrate was investigated.

3.2.1.1 Polymer Cyclodextrin Citrate

Cyclodextrins (CDs) are cyclic oligosaccharides made up of glucose molecules linked together
by a-1,4 glycosidic bonds. Depending on the number of glucose subunits (6, 7 or 8) forming
the macrocycle, three types: a-, B- and y-CDs could be formed. They have a hollow cage-like
structure with hydrophobic interior cavity and hydrophilic exterior. They are incorporated in
many pharmaceutical formulations as the cavity could be used to host specific ions and drug
molecules depending on the size. An increase in stability and penetration within the body has
been observed while using these macrocyclic rings. The largest cavity diameter of 0.75-0.83
nm is obtained with y-Cyclodextrin.?*’ Citrate is a tricarboxylic acid anion with an alcohol
functional group. It is a well-known chelator of metal ions and has a strong affinity for iron.
Extensive studies have been conducted to understand the mechanics of ferric-citrate complex
formation as they are found in various biological media.??® Also, the first synthesis of Prussian
Blue nanoparticles in aqueous media, involved usage of citrate as a chelator for the Fe'
precursor and it proved beneficial as a capping agent. Our collaborators at ISMO, R.Gref et.al
had synthesized polymer chains composed of y-CD linked together with citrate moieties and
it was demonstrated that this polymer could enhance drug loading in nano-MOFS, as well as
improve their colloidal stability.??® The citric acid/ CD molar ratio in poly y-CD-citrate were
found to be 4:1 and the CD content in the oligomer is 64 wt.%. The molecular weight of the
polymer was 13600 g/mol and the other details are provided in the annex 6.3.1.
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Figure 67. Structure of (a) y-Cyclodextrin and (b) y-CD citrate polymer®*®
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Poly y-CD-citrate fulfilled most of the criteria required for forming our targeted assemblies.
Since Fe" is present in abundance, it was expected that the citrate chelators could bind to the
surface of PB nanoparticles and link them together. The CD cages were chosen to help drug
encapsulation, as it has been well described for Dox'?. The original idea was to interconnect

the ultrasmall PB through citrate coordination to Fe** by playing on the ratios between them.
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Figure 68. Scheme of PB assembly formation with poly CD-citrate.

Therefore, this water-soluble polymer was utilized and effect of different ratios between the
starting precursors (1:0.05 to 1:2) were studied. Various sets of experiments were conducted
and reproducibility was monitored. The optimization process revealed that the ratio of 1:1
between PB and y-CD-citrate polymer was the most reliable for obtaining assemblies. Polymer
solution (0.25 mM, My, 13600 g/mol) was prepared in milli-Q water considering the whole
chain would coordinate with the surface of PB nanoparticles. Earlier experiments revealed that
the size of individual PB nanoparticles played a major role in determining assembly formation.
Therefore, the freshly synthesized PB solution was first ultra-filtered (UF) using MWCO 300kDa
tubes to remove any large particles, if present. Almost all of the solution passed through the

pores and UV-Vis spectroscopy was used to determine the final concentration of Prussian Blue
UF sample.
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Figure 69. Effect of Ultra-filtration on (a) PB and (b) PB assembled with CD-citrate polymer

Then quick addition of the polymer to PB-UF (0.25 mM) solution was done, and the reaction
was run at room temperature for 1 hr under constant stirring. DLS measurements were not
helpful in this case, as the major peak lay around 4.7-6.7 nm and a only small percentage (~1%)
was detected close to 45 nm. This could be due to the flexibility of the nanostructures.
However, ultrafiltration of this polymer mixed sample lead to a separation based on size. From
spectroscopic studies, it was clear that 58% of the nanoparticles remain in the supernatant
giving an indication that (>10 nm) assemblies had indeed formed, while the rest passed down
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to the filtrate. Nanoparticle Tracking Analysis (NTA) was also performed on these samples.
Since this method is not sensitive to sizes below 50 nm, it over-estimates the size of initial PB
nanoparticles (annex 6.3.2). Therefore, it did not provide a true comparison for the samples.

TEM imaging with glow-discharge treated grids were necessary to get a proper idea and the
results are displayed in Fig.72. PB with CD citrate (1:1) is composed of assemblies (mainly
dimers and trimers of PB) but size distribution indicated that 30-35 % of the solution is made
up of sub-10 nm particles. As mentioned above, UF was done to remove these nps. However,
TEM micrographs of the supernatant (Fig. 72 b) show that the ultra-small nps are still present
in the sample. They roughly take up 23 % of the nanoparticles detected.
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Figure 70.TEM micrograph and corresponding size distribution chart of (a) PB-CD citrate (1:1)
and (b) PB-CD citrate (1:1) supernatant after ultrafiltration

As seen with the histogram, the sizes of aggregates formed are not very controlled. Majority
lie below 40 nm in size and the aim was to create larger assemblies, with higher hydrodynamic
diameter and controlled sizes, to help with tumour permeation and increase the circulation
time. Many more experiments were conducted during the first year of my PhD, to further
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separate the un-bound individual particles, but the results were not conclusive. Analytical
ultracentrifugation process was also employed but the move of the person responsible and
enforcement of Covid-19 lockdown did not enable completion of the study. These
experiments, however provided the first indication that the negatively charged, ultra-small PB
could be assembled. It is possible that the steric hindrance of the poly-CD citrate precluded
the formation of targeted spherical aggregates and assembles PB in a loose manner. We thus
decided to explore alternative routes.

3.2.1.2 Guanidinium chloride attempts

Guanidinium chloride (GdnHCI) is the hydrochloride salt of guanidine. It is an orally
administered drug for treatment of muscle weakness and fatigue. Recent work reported that
GdnHCl could also be used for treating tumours and preventing the regeneration of cancerous

tissues.?*®

A dose of 10-35 mg/kg of the compound shows a significant destruction of
hydrogen bond formed by polar molecules on cancer cell surface. This inhibits the uptake of
DNA by cancer cells and therefore, the cell proliferation is inhibited. This could provide an
added advantage to our Prussian Blue systems and hence attempts were made to use

guanidinium cations to form assemblies with negatively charged PB.
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Figure 71. (a) Schematic illustration of PB aggregate formation with GdnHCL. (b) Size evolution
of the samples containing varying amounts of Guanidinium.

A stock solution of GdnHCI (0.5 M) was prepared in water and various experiments were
performed by changing the reaction conditions. Initial trials involved addition of varying
quantities of GdnHCI to a solution of pre-formed Prussian Blue. The idea was to use a
combination of H-bonding to the cyanide groups of the PB together with an electrostatic
interaction of the cationic guanidinium with negatively charged PB. DLS measurements
provided a quick way to probe the formation of assemblies. Starting from 0.2 and adding up
to 100 equivalents of guanidinium (with respect to PB) did not cause a change in size of the
nanoparticles, which remained around 6.2 nm. As expected, the zeta potential shifts to more
positive values upon introduction of guanidine. Better results were obtained by adding GdnHClI
solution (50 mM, 5 mL) into the same volume of PB (0.25 mM) under constant stirring for 30
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minutes. It led to an increase in the hydrodynamic diameter and the peak appeared between
18-20 nm. Therefore, TEM imaging was done on this most optimized sample containing 200
equivalents of guanidinium, to understand the structure of assemblies formed.

Figure 72. TEM micrograph of PB with 200 eq. guanidinium

The results indicated that aggregates of Prussian Blue had formed, however the size or shape
are not controlled. Few single particles could be seen, along with some dimers and trimers of
PB. Many huge >500 nm clusters could also be observed in the sample. Evaporation effects
are limited as the grid was treated with glow discharge, prior to deposition. Moreover, as seen
in Figure 73 (b), the hydrodynamic diameter detected with DLS increased significantly within
16 hrs after synthesis. This quick evolution with time is not ideal for our desired applications.
It was realized that unlike spherical gold nanoparticles, manipulating the electrostatic
repulsions to obtain controlled assemblies of PB was not so simple. Even if addition of a
polymer to block the growth and use of microfluidics could help, other routes to form nano-
structures that remain stable over time were necessary.

3.2.1.3 Gallic Acid

Gallic acid (3,4,5-trihydroxybenzoic acid) is a poly-phenol found in tea, gallnuts, fruits and
vegetables. It is reported to have anti-oxidant and anti-inflammatory properties, and some in-
vitro and animal model studies have shown inhibition of carcinogenesis in the presence of
gallic acid (GA).**"?*? This organic molecule has an ability to form stable complexes with Fe"
via phenolate and carboxylate coordination bonds and many thorough studies have been
done to identify the possible molecular structure of the network.?**#** These properties have
been used to synthesize renally-clearable Fe-GA nanoparticles with strong MRI contrast

properties in the presence of PVP'" and bovine serum albumin.?*
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Figure 73. (a) Structure of gallic acid (b) Possible network structure of Fe"-gallic acid complex in
solution®**

Caruso et.al demonstrated that surface functionalization of micro- and nanoparticles with
polyphenols (tannic acid) could assemble them to form complex superstructures.?*®
Polystyrene particles, metal oxides, NaYF4:Yb/Er, Prussian Blue nanoparticles as well as AgCN
and ZnO nanowires were organized into 3-D core-satellites, hollow supra-particles and
macroscopic hybrid materials. Metal ion interactions with catechol/galloyl functional groups
were the basis of formation of these assemblies (Figure 76 ). It was interesting to note that
coordination of Fe** with tannic acid led to the formation of an iron-phenolic network that
aided the modular assembling of these superstructures.
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A recent work by Wang etal had shown that iron-tannic acid nanoparticles could be

" which could be

synthesized using coordination interaction between phenolic group and Fe
disassembled by using Deferoxamine mesylate (DFO), a clinical drug used to treat iron-
overload. ®” DFO is a chelating agent that specifically binds to Fe and forms ferrioxamine that
can pass through the kidney. They showed that after injecting 75-80 nm FeTNPs and observing
PTT, PA and MRI contrast effects, the renal clearance could be accelerated by injecting DFO.
In this manner the potential damage of accumulation could be avoided. A recent review
discusses a wide number of metal-phenolic network complexes created for theranostic

purposes.’®

Therefore, the effect of a similar polyphenol: Gallic acid, on Prussian Blue nanoparticles were
investigated as possible interconnection through the rigid gallic linker could be beneficial in
the formation of polymeric NP assemblies. So in order to try to incorporate this polyphenol
within the PB nanoparticles, gallic acid solution was prepared in water and mixed with
potassium ferrocyanide in different proportions (1, 2 and 10 equivalents with respect to Fe**in
PB). Ferric nitrate solution was then added to the mixture, under the usual reaction conditions.
DLS measurements showed that the size of nanoparticles formed, are sub-10 nm. Interestingly,
the absorption of PB in the visible region rises with an increase in the amount of gallic acid
added. A control experiment (without ferrocyanide) was also performed simultaneously and
the purple complex of Fe-GA was formed. Since the complex absorbs in the 600-700 nm range,
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it contributes to the absorption of PB centered around 700 nm. This was an advantage since
the photo thermal properties of the nanoparticle relies heavily on the amount of light that
could be absorbed by the sample.
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Figure 75. Effect of incorporating gallic acid in PB during synthesis. Absorption of FeGA
complex for comparison
Then, the stability of the resulting suspension was monitored in Fetal Bovine Serum with a
kinetic study using UV-Vis spectroscopy. As shown in Fig. 78 (a), usually absorption band of
PB declines significantly within 2 hrs of exposure to FBS. This is a common phenomenon that
occurs due to the complexation of phosphate present in the serum with Fe** on the surface of
PB. Subsequently, a reduction in the number of Fe(ll)-CN-Fe(lll) pairs occur which leads to this
decrease. When GA is included in the synthesis of PB, a different observation was recorded.
There is still a quick decrease in the very first minutes of reacting with FBS, however as time
passes a shift of the peak towards 600 nm is observed, coupled with an increase in absorption.

It seemed that although the Fe"-CN-Fe" pairs were decreasing, the Fe'"

-gallate complex was
becoming more dominant in these experimental conditions. Therefore, the effect of pH was
investigated. Results in Fig.78 (c) prove that indeed, the FeGA complex formation and its

absorption is highly pH dependent.

An explanation for this could be found in the literature. The catechol-Fe** coordination system
is pH sensitive. It has been conferred that iron-monocatecholate forms in acidic conditions,
and upon increasing the pH from 5.5 to 10, bis- and tris-catechol complexes are formed.?324°
It is interpreted that shift to an alkaline medium, leads to the deprotonation of hydroxy groups
in catechol moieties, increasing the ligand denticity. This leads to a stronger chelation with
metal ( here Fe3*) ions and each complex has a different colour. Figure 79 shows the complexes

of Fe-Tannic acid that exists in different pH conditions.?*' Addition of FBS (pH 7.4) to gallic acid
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containing PB nanoparticles (pH~5), shifted the overall pH of the solution and therefore this
evolution and shift in absorption maxima was observed. The effect of addition of FBS and
neutralizing was clearly underlined by this study.
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Figure 76. Comparison of evolution of PB nanoparticles (a) without and (b) with gallic acid in
fetal bovine serum. (c) The shift and increase of absorption by studying Fe:GA complexes , in
varying pH. (d) Results of similar study conducted on titration of Fe** catechol complex with
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Figure 77. pH dependent transition of Fe"-Tannic acid complexation state.
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However, after ultrafiltration, it became clear that the GA and ferrocyanide are competing for
Fe(lll) and the FeGA complex is formed besides the Prussian Blue nanoparticle solution. So the
assembly formation does not occur and the particles remain sub-10 nm in size. Ultrasmall
nanoparticles of FeGA (DLS: 4.6-5.5 nm) were then synthesized with PVP coating, at room
temperature while maintaining a neutral pH. The kinetic studies conducted in phosphate buffer
(PBS) and FBS, revealed that these FeGA particles are highly stable and resistant to phosphate
attack. As shown in Fig.80 (b and c) the absorption of FeGA nanoparticles in visible region does
not change upon exposure to these different media. This was a very interesting result which
suggested that incorporating Fe-gallic acid complex with our PB nanoparticles could not only
add to the absorption in Vis-NIR range but could in principle, improve its stability in
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physiological conditions. This double interest encouraged us to use GA as linker and vary our
approach in building an assembly.
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Figure 78. (a) TEM image of PVP coated iron gallic acid nanoparticles and their spectral
evolution on exposure to (b) PBS and (c) FBS

3.2.1.4 Iron-gallate system

The original idea was to favour the encapsulation of PB in FeGA matrix, to protect PB in
physiological medium and provide additional contribution for photothermal therapy. Versatile
metal-phenolic coordination polymer networks could be easily formed using iron and gallic
acid in aqueous solutions and therefore methodical studies were performed, carefully
monitoring the effect of each parameter. First, pure Prussian Blue nanoparticles were
synthesized in water using the method described in chapter Il. Since it was determined that
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the pH is extremely important for complex formation, gallate solution(1 mM, 8 mL) was
prepared by neutralizing gallic acid with dilute NaOH. Solution of Fe(NOs3)3 (0.5 mM, 8 mL) was
freshly prepared. Then, both the precursors were added to the pre-formed PB (0.25 mM, 8 mL)
solution, in an alternative way to avoid nucleation of FeGA particles. This addition was
performed dropwise, using a peristaltic pump, under constant stirring and the flow rate of 0.5
mL/ min was maintained. Once all the reagents were transferred, the reaction was run for 30
minutes at room temperature. Dark blue coloured solution was formed and complete
characterization was done. The sample would hereafter be called PB-FeGA. Many other
combinations and reagent proportions were experimented but the most optimized results
would be described in the next section.

Characterization
3.2.2.1 DLS and Zeta potential

The first clear indication of assembly formation was obtained with dynamic light scattering
studies. The 6-8 nm peak of PB underwent a significant shift to ~90 nm after slow, drop-wise
addition of 2 equivalents of iron (0.5 mM) and gallate (1 mM) solutions. The solution was
constantly monitored with time and the hydrodynamic diameter did not appear to evolve over
several days. The solution had a negative zeta potential of -31 mV which signalled towards the
inherent stability of the sample.
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Figure 79. (a) Minimal evolution of hydrodynamic diameter of PB-FeGA assemblies, checked at
multiple time points over 4 days after synthesis. (b) Zeta potential of PB-FeGA
Other experiments with varying parameters were performed, to get an idea of the best
conditions. Firstly, the effect of added iron to PB was studied, while maintaining the ratio of
Fe’* to GA ratio constant at 1:2. Each experiment was performed in triplicate to ensure
reproducibility. As shown in Fig.82 (a) adding just 1 equivalent of Fe GA leads to some
assembly formation, however a significant proportion lies in the 20 nm range. Therefore, it
could be said that this amount of reagents is not enough to assemble all the nanoparticles.
On the other hand, with 3 equivalents of Fe (0.75 mM) and corresponding 1.5 mM of GA, lead
to shift in the DLS peak to ~180 nm (Figure 82 (a) blue curve). It was understood that the size
of the assemblies formed could be tuned by manipulating the amount of precursors added.
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Once it was determined that 2 or 3 eq.s of added Fe is necessary, the importance of gallic acid
was examined by performing blank experiments. Ferric nitrate solution was added to PB,
together with water (pH 7) at 0.5 mL/min rate, while stirring. DLS indicated huge sizes in the
range of 1000 nm and soon the solution started depositing. Therefore, the mixture of Fe** and
GA was necessary for assembly formation.
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Figure 80. (a) Effect of addition of varying equivalents of precursors. (b) Effect of changing the
Fe-GA ratio to 1:3. (c) DLS results of quick addition expt. with 1, 2 and 3 eq. precursors.
Changing the Fe:GA ratio to 1:3 was also explored and results are displayed in Fig. 82 (b). In
this case, addition of 2 eq. gave rise to smaller assemblies with sizes around 65 nm, while 3
eq.s of Fe (0.75 mM) with 2.25 mM GA provided similar results with mean size of 100 nm.
Hence, it was decided that there was no reason to add extra reagents when similar results
could be obtained at lower ratios. Next, quick addition of Fe*" and GA experiments were
performed. The neutral GA was first added to pre-formed PB under stirring to avoid deposition.
This was followed by addition of Fe** solution in one go, to the mixture and reacted for 30
minutes. The DLS analysis revealed that, similar to dropwise experiments, 1 eq. of precursor
was not enough for complete conversion of nanoparticle to assembly (Fig.82 c). However, for
the other equivalents the peak was around 80 nm, but the signal was broad indicating that
maybe smaller assemblies are formed. TEM measurements were performed to visualize these

formed structures.
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3.2.2.2 Transmission Electron Microscopy

TEM imaging was performed by depositing the samples on formwar carbon coated copper
grids after glow-discharge. The ultra-small PB nanoparticles formed pearl-necklace like
assemblies that will be called nanochains. The results from different repeat experiments
performed with 2 eq. addition of Fe** and Gallic acid are displayed in Figure 83. The average
size of the assemblies were 94 + 35 nm with very minimal single nps.

Figure 81. TEM micrographs of PB FeGA assemblies formed by dropwise addition of 2
equivalent of precursors into pre-formed PB nanoparticles

The results obtained with DLS could be verified with TEM. The addition of 1 eq. of reagents
forms assemblies but the presence of more single and individual particles could be seen. In
contrast, 3 eq. of FeGA with PB forms larger and less controlled aggregates (Figure 84 a, b).
When the precursors are added quickly and in one go, smaller sized assemblies are formed.
Therefore, considering all the results it was concluded that the best synthetic method involved
slow dropwise addition of Fe**(0.50 mM) and GA (1 mM) into 0.25 mM Prussian Blue solution.
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Figure 82. Assemblies obtained (a) 1 eq. (b) 3 eq. and (c) 2 eq. quick addition of Fe GA

3.2.2.3 Nanopatrticle Tracking analysis

The optimised nanochains were visualized using NTA to determine its hydrodynamic diameter
in solution. The sample was injected and studied with an ultramicroscope, under laser
illumination at Université de Paris. The light scattered by the PB FeGA assemblies was captured
over multiple frames and the size was detected and calculated by Nanosight software. The
average size over 5 measurements was reported as 106.3 + 2.8 nm, which is in close agreement
with the previously conducted DLS and TEM studies.
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Figure 83. Nanoparticle tracking analysis (NTA) results of PB FeGA nanochains in water.
3.2.24 Infra-Red Spectroscopy

The PB-FeGA assembly solution was ultra-filtered and washed twice to remove all the
unreacted precursors. The filtrate was light purple in colour, indicating that excess FeGA
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complexes are eliminated. Then the sample was concentrated and brought to a low volume,
before drying it under vacuum. The powder obtained was used for IR spectral analysis. The
signal from the assemblies were compared to that of FeGA and bare Prussian Blue
nanoparticles.
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Figure 84. IR spectral comparison of PB-FeGA with its constituents.

A weak and broad signal at 2935 cm™' corresponding to -OH stretching could be observed in
the assemblies and FeGA (2942 cm™). The characteristic ven of PB is seen both in the bare
nanoparticle and assemblies at 2080 cm™. The intense peak at 1580 cm™ is characteristic of
antisymmetric Fe-O-C stretch of Fe(lll)-gallate complex,®*? and it is shifted to 1578 cm™ in PB
FeGA (small peak). The vibrations of C-O bonds including ester links at 1213 cm™ is merged
within a broad band in the assemblies. The other peaks of C=C and C-H bending arising from
polyphenol are still present in the assembly. The infra-red data provides a clear indication that
the assembilies are indeed linked through FeGA polymeric network and they remain intact after
the washing steps.

110



3.2.2.5 UV-Visible Spectroscopy

An evident colour change to darker blue was observed at the end of the assembly formation
reaction. Addition of iron-gallate to Prussian Blue nanoparticles increases its absorbance in the
visible region. There is a slight shift to lower wavelengths (700 to 685 nm) as the number of
equivalents added increases. For the most optimized PB-FeGA sample, UV-Vis analysis showed
a significant enhancement in the absorption around 700 nm (1.58 times), at the same PB
concentration. The peak also appears slightly broader. This improvement is attributed to i) an
increase in the number of Fe(ll)-CN-Fe(lll) pairs formed upon addition of extra Fe** and ii) the
contribution of the FeGA complex.
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Figure 85. (a) UV-Vis absorption of PB assemblies with1,2 and 3 eq. of FeGA. (b) The absorption
of optimized sample compared to PB nanopatrticles and effect of UF

As discussed in the earlier section, pH plays an important role in the absorbance of such iron-
catecholate complexes. Ultra-filtration (UF) and washing steps take away the excess and
unbounded reagents and the signal from the separated filtrate (Fig. 87 b) provide clear
indication of FeGA. A part of the sample is also lost during the vigorous UF process, as it gets
stuck in the pores of the membrane. So the overall absorption of the sample is brought down,
but it is still 13% higher than pure PB nanoparticles. The absorbance at 800 nm is most
significant for our samples as the near infrared (NIR) laser used for photo-thermal therapy
usually operates at this wavelength. It can be seen from the plot below that the assembly
formation enhances the signal at 800 nm by 18.5 %, indicating that it may aid in better
photothermal therapy.

3.2.2.6 Energy Dispersive Spectroscopy

It was important to understand the amount of added precursors are retained in the final
nanochain structure after the UF and washing steps. However, since iron is added to an already
iron-rich PB to form the assemblies, it would be difficult to deduce any information from EDS
analysis. Therefore, the assembly formation process was tweaked to include gallium ions Ga(lll)
instead of added Fe(lll). The idea was to check whether the nanochain would be formed with
Ga(lll) and then determining the amount of added gallium, retained after purification. The
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reaction conditions were maintained and 2 equivalents (with respect to PB) of Gallium nitrate
solution (Ga(NOs3)3) and solution of gallate at pH 7 was added dropwise to the nanoparticles.
DLS analysis showed PB-GaGA assemblies were synthesized with an average size of 82 nm.
TEM imaging also proved that nanochains are present in the solution, they appear slightly
longer and less controlled than PB-FeGA. The experimental conditions might need some
optimization but eitherway, it was the first indication that other metal ions could also be used
to form nano-assemblies with Prussian Blue. Then, the solution was ultra-filtered and washed
twice before addition of acetone to induce flocculation. The precipitate obtained after
centrifugation at 2°C, was dried under vacuum. EDS of the powdered sample indicated that
Ga/Fe ratio was 1.55. Therefore, if it is considered that iron and gallium cations behave similarly
with gallic acid, around 74-82 % of the added metal ions is still incorporated within the
assembly. Since EDS indicated that only 1.5 out of the 2 equivalents are necessary to bind the
PB nps together, further experiments with 1.5 eq. FeGA addition was attempted. DLS and TEM
results show that smaller assemblies were formed with this combination (results in annex 6.3.3).
Therefore, 2 eq. was maintained as the standard for further experiments as the slight excess

could be easily washed away, post-synthesis.

Figure 86. (a) TEM micrograph and (b) results of EDS analysis of PB-Gallium GA assembly
3.22.7 STEM-HAADF

High-angle annular dark-field scanning transmission electron microscopy was used to obtain
a better understanding of the structure of nanochains formed. These studies were performed
by Alexandre Gloter at Laboratoire de Physique des Solides. The results clearly showed that
between two Prussian Blue nanoparticles (brighter contrast in Fig. 89 a) was a more transparent
region, that can be attributed to a part with less metal content. Furthermore some texture
appears around the PB particles. EELS spectra was recorded across the nanochains and regions
of different compositions can be distinguished. The nanoparticle region, marked by the blue
square and corresponding curve shows presence of iron and nitrogen originating from
cyanides in Prussian Blue, but also the presence of oxygen. This oxygen may come from water
molecules coordinated in the PB structure but other EELS spectra recorded on PBA particles
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reveal that this signal is almost undetectable. Hence, we attribute the O peak to the presence
of gallic acid coming from Fe-GA moieties, corresponding to the additional texture seen all
around the PB particles. The area between the nanoparticles, marked by the red rectangle and
the corresponding red spectrum shows the presence of iron and oxygen and no nitrogen. This
gives a direct indication of the presence of Fe-GA moieties that are located in between two PB
particles. High resolution TEM could not provide additional information probably due to the
beam damages.
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Figure 87. (@) HAADF STEM images. (b) STEM-EELS spectra recorded in the areas denoted as
squares on the inset with the corresponding colour curves

Polymer coating

The important advantage of our approach is that the chains remain stable and that the coating
can be varied and its effect studied. Coating of nanoparticles with polymer is considered
essential for bio-medical applications. It has been shown that polymers can improve bioactivity
and compatibility in physiological medium, while certain polymers can also impart special
properties and increase functionalities. PVP (polyvinylpyrrolidone) is a water-soluble, inert and
bio-compatible polymer. It is non-toxic, pH-stable and therefore used in many medical and
cosmetic formulations. Dextran is a biodegradable branched polymer composed of glucose
units linked through a-1,6 and 1,3 linkages. It has functional hydroxyl groups that can aid
chemical conjugation and has been used as drug delivery agents.
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Figure 88. Structure of (a) PVP and (b) Dextran polymer
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3.2.3.1 Coating assemblies with PVP and Dextran

Firstly, 30 equivalents (2.5 mM) (with respect to 0.083 mM PB in the assembly) of each polymer
was dissolved in water to form a homogenous solution (10 mL). It was then added to 10 mL of
PB-FeGA solution in one go, under continuous stirring and mixed for 30 minutes. This was
followed by regular characterization with DLS, TEM and UV-Visible analysis. No changes in the
hydrodynamic diameter of the assemblies were seen with PVP, however a small percentage of
population appeared around 20 nm, when 30 eq.s of dextran is added to the solution. The zeta
potential of the solution after adding PVP to Prussian Blue assemblies was around -27 mV and
dextran addition shifted it to -36 mV. As shown in Figure 91, the addition of polymers do not
change the basic structure of the nano-assemblies. They appear to be more well-dispersed in
the presence of polymer and the average size was 97 + 38 nm and 90 + 37 nm with PVP and
dextran respectively.
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Figure 89. (a) Hydrodynamic diameter of PVP and dextran coated assemblies. TEM images of
PB-FeGA assemblies with (b) PVP and (c) dextran polymers

A very big advantage on addition of such polymers was observed after the ultra-filtration
process. UF is a necessary step of purification before in-vitro and in-vivo studies. It is done to
remove the dissolved contaminants. The solution is forced through a semi-permeable
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membrane and depending on the pore size of the tubes used, the nanoparticles and their
assemblies are retained at the top, while excess salts or complexes are removed in the filtrate
at the bottom. As mentioned before, first filtration is done, the sample is brought back to its
initial volume with distilled/milli-Q water and then 2 successive washing steps are performed.
Since this is quite vigorous, the purified assembly sample obtained at the end of the process
is more aggregated (Fig 92 (a)) and is not ideal. It was observed that the presence of PVP and
dextran (Fig. 92 b, ¢) clearly minimizes this aggregation and helps maintain the structural
integrity of the nano-chains after ultra-filtration and washing. This is extremely important for
the targeted applications and hence the samples prepared were always coated with polymers
before moving on to the next step.

The effect of addition of chitosan polymer was also studied briefly. Addition of 30 eq.s shifts
the zeta potential to positive values of +34 mV, since it is a positively charged polymer (images
appendix 6.3.4). Although the chain like structure is retained, as DLS indicated the sizes are
much larger(~200 nm) and some aggregation could be seen. Lowering the proportion of this

polymer might be beneficial in getting more controlled results.

Figure 90. Effect of UF and washing on (a) bare PB-FeGA assemblies (b) with PVP (c) with dextran
polymer coating

3.2.3.2 Poly y-Cyclodextrin Citrate

Once it was determined that the formed assemblies could be easily post-coated with regular
polymers, the focus was shifted to added functionalities. As described in section 3.1.1 gamma-
cyclodextrin citrate polymer includes cage-like structures that can aid drug loading and citrate
moieties that could bind to the surface of PB nanoparticles. This polymer was synthesized by
Jingwen Qiu at ISMO, following the method developed by Ruxandra Gref et.al.** First set of
experiments were performed with 10 equivalents of the polymer with respect to the
nanoparticles. The addition of 0.83 mM CD-citrate solution into PB-FeGA solution led to a
sharp colour change from dark blue to light prussian blue. This was due to the pH effect, as
addition of large amounts of this citrate-rich polymer brought down the pH ~2.8, lowering the
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FeGA complex signal. Multiple proportions (1,0.5 and 0.05 eq.s) were tried out in order to i)
decrease the amount of free polymer ii) reduce the weight of the polymer to enhance payloads
of drug in future experiments. It was determined that 0.05 eq. of the y-CD citrate could fulfil
these requirements.
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Figure 91. DLS and zeta potential results of PB FeGA with CD citrate polymer coating

DLS analysis showed no significant variation upon introduction of the polymer. The poly CD
citrate coated sample could be ultra-filtered and washed without loss/deposition in the
membrane pores, and the chain-like structure is well-maintained. The zeta potential lies
around -30 mV. UV-analysis shows a certain loss in absorbance compared to starting
assemblies, due to slight changes in pH effect and overall decrease in FeGA complexes.
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Figure 92. (a) TEM image of Prussian Blue assemblies coated with gamma-CD citrate polymer
after UF and washing steps. (b) Effect of polymer addition on absorption of the assemblies and
comparison to PB nanopatrticle solution.

The signal is still significantly higher than pure PB nanoparticles at the same concentration
indicating that the assembly formation and the polymer coating has advantages. Moreover,
the coating with CD-citrate polymer allowed further concentration of the sample without
aggregation.
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3.25

Evolution in physiological media

It is important to understand changes occurring to a nanocomposite in biological pH.
Therefore, kinetic evolution was monitored by absorption spectroscopy on poly CD-citrate
coated PB-FeGA nanochains in 10% fetal bovine serum both at pH of 7.4 (using phosphate
buffer, PBS) and at pH 5.5 (using acetate buffer). As described earlier PB is highly sensitive to
phosphate attack and the absorption around 800 nm is crucial for photothermal therapy
efficiency. Experiments performed with the bare PB Nps have shown that its Absgoo nm, reduces
to 24% of its initial value within 2 hours in PBS (annex 6.3.5). But the FeGA nanoparticles (see
Fig.80) is completely unaffected and retains its strong absorption over time in phosphate
buffers.

Here, the PB-FeGA assemblies undergo only a 7% loss in Absgoo nm after 30 minutes in the
phosphate rich medium. The maxima shifts from 690 to 660 nm in 3 hours, but 86% of the
initial absorbance of the nanochains is still retained, even after this long exposure (Figure
95(a)). It proves that this manner of assembly formation using iron-gallic acid complex not
only improves the optical properties but also increases its stability in physiological media.
Interestingly, it could be seen that the overall absorbance in 10% FBS with acetate buffer does
not decrease, and even slightly increases over time. These results show that whatever the pH,
the PTT efficiency of the nanochains should remain intact.
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Figure 93. Results of UV-Visible spectroscopic studies on evolution of poly CD-citrate coated PB
FeGA nanochains in 10% FBS with (a) phosphate buffer (pH 7.4) and (b) acetate buffer (pH 5.5)

Why 1D nanochains?

The work done during this thesis has led to self-assembly of negatively charged Prussian Blue
nanoparticles into one-dimensional, sometimes branched nanochains. There have been some
examples in the literature, that provide similar structures with other nanoparticles and using
different approaches. One of first assembly formation ever reported was in 2002, when Tang
et.al showed that 2.5-5.4 nm CdTe spontaneously organizes into 500 -1200 nm crystalline
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nanowires when the protective layer of the organic stabilizer was removed. *** The intermediate
step involved assembling the nps into a pearl-necklace formation which then gradually fused
into highly luminescent long crystal wire. This occurred because electrostatic repulsion of nps
were reduced and attractive dipole-dipole force in the solution was strengthened. There are
many interesting examples of 1-D nanostructures based on magnetic nanoparticles.”’
Magnetostatic dipole-dipole interactions are responsible for the directional growth of
nanochains which then produce necklace-type nanoring structures.®*® Many other examples
have been reported with enhanced properties.?*®
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Figure 94. Necklace-like nanoarrays of magnetic nanoparticles.**

A bio-inspired polymeric template was developed for assembling quantum dots, gold and iron
oxide nanoparticles into size-tuneable nanochains. It was outlined that the adhesive moiety in
the template, surface charge and assembly method are critical factors for 1D assembly
formation.?*’ H. Zhang and D. Wang conducted a thorough study to shed light on mechanics
behind chain formation using negatively charged 14 nm gold nanoparticles.?*® TGA capped-
Au nps where chosen for their plasmon resonance properties and its sensitivity to electronic
coupling. When assembled or aggregated, gold nps display a plasmon absorption band in the
wavelength range of 600-800 nm. The colloidal stability of charged particles was estimated
using Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which states that total interaction
potential (V1) is the sum of electrostatic repulsion potential (Veiec), van der Waals attraction
(Vvaw), dipole interaction (Vaipole) and charge-dipole interaction potentials (Vcharge-dipole):

V1= Velec + Viaw + Vdipole + Vcharge—dipole

Usually, the nanoparticles have negligible dipole potentials and their stability in solution is
maintained by opposing Veec and Vigw. Varying amounts of salts were added to weaken the
electrostatic repulsions and assembly formation was observed. Similarly by creating a mixture
of polar organic solvents, the dielectric constant of the medium could be tuned to decrease
Velec and increase the Vaipole. Their calculations for spherical nps revealed that Veiec and Viaw are
of the same order of magnitude and usually to maintain colloidal stability electrostatic
repulsions value remain larger. If due to any change Ve is brought down, the combination of
van der Waals and anisotropic dipolar attraction becomes dominating and is able to overcome
the repulsions between nps. So once a dimer is assembled, the electrostatic double layer re-
arranges to form a uniform layer covering the chain. It then behaves as one elongated object,
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rather than two repelling nps. This modification to the model helps us understand the chain
formation mechanism in one-direction.
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The electrostatic repulsion is split into two components : Veiec'® and V™™ where p is the
charge density, A is the surface area, n is the number of particles (n>2) and D is the length of
the chain. Once the dimer is formed Ve amounts to a larger value as compared to Veiec®™.
Therefore, the other nanoparticles preferentially attach to the ends making the chains longer
in 1D (Figure 97 a). On the other hand, if the vdW becomes stronger than the Velec®® 2D and
even 3D aggregates could be formed. So depending on the required end product, reaction
conditions could be changed, to regulate the four parameters that contribute to the total

interaction potential.
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Figure 95. Mechanism of self-assembly of charged particles by a balance between isotropic long-
range electrostatic repulsion and isotropic short-range van der Waals attraction in presence of
short range anisotropic dipolar attractive forces.
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(b) TEM image of TGA-capped gold np self-assembly formed in the presence of 22.5 mM NaCl.
(c) Au np chains formed in 1:3 volume ratio of water-acetonitrile.**®

It can be said that our negatively charged, ultra-small PB nanoparticles behave in a similar
manner. But as discussed in section 3.2.1.2, simply manipulating the electrostatic repulsions
by adding salts or introducing guanidinium cations were not sufficient in obtaining controlled
assemblies of PB. Gallic acid coordination with iron is known to form a complex polymeric
network but the addition of this polyphenol to Fe-rich PB nanoparticles did not yield the
desired results. However, introducing extra Fe" together with GA to pre-formed PB
nanoparticles provide us with stable 1-D nanochains. The characterization studies reveal that
the FeGA complex envelops the nanoparticle surface and forms this novel nanostructure.

It could be hypothesized that in the experimental conditions, the alternative addition of Fe"

and GA dropwise in diluted conditions will favour the reaction with the surface of PB particles.

As a first step, the attraction between Fe' and negative charge of PB nps will lead to immediate
1

coordination of these to pendant CN of ferrocyanides. So all Fe" is rapidly coordinated to form

a new layer at the surface of the PB particle, decreasing the charge. The GA has a strong affinity

towards Fe". So we expect the 2 equivalents of GA present in the drop to interact either by H

bonds to the CN or encounter Fe"

and form a bis-GA complex. The saturation of the surface

requires maximum 0.5 among the 2 equivalents to saturate all surface
11

with new layer of Fe
sites. The remaining 1.5 eq. of Fe" and 3 eq. GA, will lead in a step- by-step manner, the growth
of the FeGA network around the particles. We believe that only once a certain thickness of
shell is obtained, the core-shell particles assemble by striking a balance between isotropic
electrostatic repulsions and van der Waals attraction. The short-range anisotropic dipolar
attraction also plays an important role in contributing to the final structure. Since electrostatic
repulsions on the sides of this dimer would be higher than those at the end, the other core
shell PB@FeGA nps in the vicinity preferentially attach to the end, further elongating the
structure. This could be the mechanism behind formation of 1D nanochains of ultra-small PB
nanoparticles. We see that after addition of 1 eq., some individual particles are still observed

together with short chains.

The presence of Fe and gallic acid in between the particles with a thickness at least 1 nm (seen
on STEM-EELS) supports the fact that the shell forms before PB associate into 1D-oligomers.
We expect then that the addition of the second eq. of Fe" (and 2 eq. GA) will further induce
the oriented aggregation of these oligomers. We need complementary experiments to
ascertain this explanation. For instance, we will monitor the in situ evolution during the
addition by DLS on the new equipment at ISMO very soon. So far, the route followed to obtain
the most optimized and controlled assemblies of ultra-small Prussian Blue nanoparticles has
been described. The following section summarizes the attempts to diversify the nano-system
with other nanoparticles that can incorporate more functionalities.
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3.3

3.3.1

NANO-ASSEMBLY DIVERSIFICATION
Gadolinium-PB nanoassembly

Our group had worked on ultra-small gadolinium (Gd) doped Prussian Blue nanoparticles that
display high relaxivities. The unprecedented value of 40 mM's” and high T1-weighted
contrast enhancement was attributed to the enrichment of surface with Gd" ions, replacing 5%
of Fe" to form the PB structure.”’ The same synthesis route was followed to obtain the sub-
10 nm particles in water. The GdFeFe[5] will hereafter be mentioned as Gd-PB. The
nanoparticles were first UF and washed to remove any excess unbound Gd. Then the assembly
formation with FeGA complex was induced. No significant difference was observed between
the 2 assemblies and the approximate hydrodynamic diameter was 94 nm. It was further
coated with poly CD-citrate polymer and completely characterized. After UF and washing the
polymer coated samples, it was concentrated before proceeding to MRI contrast studies in
University of Mons, Belgium. The results would be discussed in Chapter 4.
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Figure 96. Hydrodynamic diameter of (a) Gd-PB and (b) polymer coated Gd-PB FeGA
compared to PB FeGA and (c) UV-Vis analysis results

3.3.2 Cyanosol PBA nanoassembly

Platinum containing analogues of PB described in chapter Il, had displayed promising radio-
enhancement effect and were non-toxic for bio-medical applications. They were ultra-small
particles lying in the size range of 1-5 nm. Assembly formation with these nanoparticles were
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also attempted. FePt and PtPt nanoparticles were first diluted from 5 mM to 0.5 mM
concentration. The synthesis was changed accordingly and two equivalents of Fe" (1 mM) and
corresponding neutral gallic acid (2 mM) was added dropwise to both cyanosols. The
colourless PtPt solution turned light purple, indicating formation of FeGA complex. DLS
measurements revealed that majority of the population lay between 89-92 nm, while 3% has
sizes around 9 nm. This was an indication of formation of aggregates of PtPt.

The green FePt solution turned blue at the end of the reaction due to the reaction of

ferrocyanide at the surface of FePt with added Fe"

. DLS indicated that the sample was
composed of 2 populations: 44% around 140 nm while the rest where small and below 15 nm.
Transmission electron microscopy verified the results as FePt-FeGA had significant number of

chain like assemblies together with single particles.

——FePt FeGA assembly Abs

——PtPt FeGA assembly Abs

500 600 700
Wavelength (nm)

Figure 98. (a) Brightness enhanced-TEM image of PtPt-FeGA assemblies (b) Absorption spectra
of assemblies formed with FePt and PtPt nanoparticles

Tuning the concentration and reaction conditions may lead to better, controlled chains of FePt
nanoparticles. The pure PtPt nanoparticles are very small and appear with poor contrast in
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3.4.1

TEM. The trial showed that the assemblies could be formed with it, but the images are not
reliable. They indicate that there is less control over the shape of aggregates. These are
preliminary results and the project would be continued in the future. Building assemblies of
these nanoparticles can further improve radiation therapy as their tumour permeation and
retention time within the body could be increased. This section proves that the strategy could
be extended to GAPB and other modifications on PB will be described in Chapter 4.

LINKER VARIATIONS
Effect of cation

In an earlier section, PB-Gallium Gallate nano-assembly system was described. Introduction of
Ga** yielded some assemblies even though it was less controlled than its Fe3*counterpart. This
led to the question, can Prussian Blue and its analogues be assembled in the presence of any
cation? The effect of monovalent sodium and di-valent calcium ions were investigated. First,
PB nanoparticles were synthesized in the usual manner. Gallic acid (1 mM, pH=7) and the salt
solutions: NaCl (0.5 mM) or CaCl, (0.5 mM) were prepared in water. Then the salt solution and
GA were introduced dropwise into PB, under constant stirring. The reaction proceeded for 30
minutes, as usual and DLS measurements were done. The hydrodynamic diameter of the
particles changed to 13 nm in the presence of Na* and 11 nm with Ca®".
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Figure 99. (a) Comparison of DLS results of PB assemblies in the presence of sodium, calcium
and ferric ions (b) TEM micrograph of PB-Ca GA

TEM studies also showed only well-individualized single particles of PB in the presence of both
salts. Addition of 1T mM salt also led to similar results. Therefore, it was concluded that the
presence of ferric ions was necessary for gallic acid to behave as a linker for PB nanoparticles.
The experiments were performed by Stella Bessiere and Aurelia Bertoux as a part of their
Bachelors internship project.
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34.2

Effect of polyphenol

It was established that the complex formed between Fe(lll) and gallic acid was crucial for
assembly generation. But it was important to know if this system could be further expanded
with other linkers. Ellagic acid is another naturally occurring polyphenol, commonly found in
fruits, berries and vegetables. It has a bulkier structure and is formed by dimerization of gallic
acid by oxidative aromatic coupling with intramolecular lactonization. It is known to have
antioxidant, antimutagenic and anticancer properties. Therefore, efforts were made to
synthesize assemblies using Ellagic acid (EA). Unfortunately, a challenge with EA was its very
low solubility in water. It is slightly soluble in ethanol, but a concentration of 1 mM cannot be
achieved as it starts precipitating out. Therefore after multiple trials, EA clear solution was
obtained in ethanol at a maximum concentration of 0.66 mM, after sonication for 30 minutes.

The assembly formation protocol also had to be changed to incorporate ellagic acid. Usually
equal volumes of nanoparticle, Fe(lll) and GA solution are used but in this case when the
proportion of water is higher than alcohol content, the EA precipitates and destabilizes the
whole system. The first set of experiments involved adding higher volume (10 V) of EA with
respect to PB and iron nitrate. But the colloidal suspension turned turbid within 24 hours.
Therefore, Fe** solution was also prepared in ethanol-water mixture and maintaining the ratio
of 13:10 between the solvents, showed first set of positive results. This sample would hereafter
be mentioned as PB- FeEA (10V). The hydrodynamic diameter was around 110 nm after the
synthesis and TEM analysis displayed long strands of nanoparticles. The sample was regularly
monitored with DLS and there was an indication of evolution with time. It deposited 3 days
after the synthesis.
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Figure 100. (a) Structure of Ellagic acid (b) Evolution of PB-FeEA assemblies with time (c) Effect
of addition of PVP at different time points to arrest the aggregation process.
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Figure 101. PB-FeEA assemblies with 30 equivalents PVP added (a) 30 mins and (b) 24 hrs after
synthesis

Addition of 30 equivalents of PVP appeared to stop this aggregation and rendered some
stability to the solution. Interestingly, it was also observed that depending on time of PVP
addition, shorter or longer chains of PB-FeEA could be obtained. Surprisingly, in the presence
of ellagic acid, assembly formation occurred with NaCl and CaCl; salts (0.33 mM solution in
ethanol). The hydrodynamic diameter detected with DLS lay between 47- 50 nm. TEM imaging
revealed that short assemblies are formed with sodium, while Ca®* ions form ~120 nm long
chains of PB nanoparticles. The mechanism of formation here, is certainly different from what
was observed with gallic acid. It is hypothesized that the water- ethanol mixed solvent plays a
major role in assembling the particles together. The synthesis optimization of EA assemblies
was carried out by Haziq Naseer Khan as a part of his Masters internship project.

Figure 102. Assemblies of (a) PB-NaCl EA and (b) PB-CaCl; EA
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3.5

CONCLUSIONS

This chapter reports the method development process behind forming assemblies of highly
charged nanoparticles. At first, simple experiments were made to study the influence of varying
electrostatic forces, using different polymers and organic linkers. But combining coordination
and polymer chemistry and fine-tuning each parameter was required to assemble ultra-small
Prussian Blue nanoparticles. Metal phenolic networks rising from iron- gallic acid interactions
led to the organization of PB nanoparticles into chains. As far as we know, this is the first time
such a system has been described. These 1-D nanochains are synthesized in water, at room
temperature, without using any surfactants. The method developed is easily reproducible and
the assemblies formed remain stable over long periods of time. They can be easily post-coated
with desired polymers which further adds to the functionality of the nanochains. Moreover,
when compared to individual nanoparticles some improvement in the optical properties was
also observed in the assemblies. Complete characterization of these newly developed nano-
systems have been described in the chapter.

oy gy
'. 'Fe ()

[————1

. ' ( ) Gallic Acid

Poly y-Cyclodextrin
Citrate

Figure 103. Schematic summary of PB nanochain formation, coating with CD-citrate polymer
and its extrapolation to other nano-systems

Extension of the system with diverse building-blocks were also attempted. Prussian Blue
nanoparticles doped with gadolinium could easily form similar assemblies. Platinum
containing analogues of PB show promising results. Larger nanoparticles of PB (15-20 nm)
were synthesized using a seed-mediated approach. These particles however, could not form
assembilies. It is hypothesized that the electrostatic repulsions between these bigger particles
are of a greater magnitude which in turn causes hindrance towards assembling. Applying the
same synthetic path with CsNiCr and CsNiCo analogs of PB, did not lead to chain formation. It
may be due to the interference of Cs* in the double layer. Therefore, for each new nanoparticle
to form a stable and controlled system, rigorous and careful optimization of reaction
conditions is required. PB nanoparticles could also be assembled with other polyphenol linkers
like ellagic acid and its synthesis in water-ethanol mixture has been obtained.

In conclusion, it can be said that the aim with which we started this project was accomplished.
Ultra-small PB nanoparticles could infact be assembled into larger nanostructures and this
might lead to better EPR targeting, MRI contrast and increase the blood circulation time. So,
the next step was to determine if forming such assemblies improve the drug-encapsulation
capabilities of these sub-10 nm particles and if targeted release could be obtained. Moreover,
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it was recently found that when the delivery performance of nanocarriers of various shapes
and sizes were compared, the short, tubular and non-rigid nanostructures was found to have
better intra-tumoral invasion capacity. Also negatively charged nanoparticles evoke lower
immune response from the body as compared to a positively charged system.*****° These
factors make this new PB nano-system more desirable for bio-medical applications and its
theranostic capabilities needed to be thoroughly investigated.
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NANOCHAINS FOR THERANOSTIC APPLICATIONS

4.1

INTRODUCTION

This chapter is devoted to the therapeutic and diagnostic applications of Prussian Blue
nanochains developed during the doctoral thesis. It has been established that the tumour
blood vessels are more leaky than healthy vessels and therefore nanomaterials can
progressively accumulate in the pathological site.” Therefore, several types of drug carriers
are synthesized in nano-size ( >5 nm to avoid kidney clearance), to prolong blood circulation
time and passively collect and be retained in the tumour. This phenomenon is called the EPR
effect. The study of this passive drug targeting method is difficult as each cancer is starkly
different and even within a single tumour, certain vessels are leakier than the others. Also,
there could be a difference between the permeability of patient tumours and generally studied
animal models. Many comprehensive studies have been performed over the last decade to
clearly identify and characterize the EPR effect. Theek et.al employed a combination of
fluorescence and contrast-enhanced ultra-sound imaging to follow drug targeting of 10 nm
polymeric carrier to tumour site and it was found that a very low percentage of the injected
dose accumulates at the target site with EPR."® Therefore, it is essential to maximize the amount
of drugs encapsulated in any nanosystem, in order to enhance the therapeutic efficiency.

As discussed in chapter 1, a large variety of Prussian Blue nanomaterials have been developed
for drug delivery purposes (see Table 1). The hollow or mesoporous etched nanoparticles lying
in the size range of 100-300 nm, can carry anti-cancer molecules like doxorubicin,
camptothecin etc. with high drug payload of 33-63 wt.%. The large size of these nanoparticles
would be beneficial for EPR targeting, however their elimination would be problematic.
Consequentially, attaining FDA approval for clinical application would be difficult. On the other
hand PB particles, synthesized using green conditions in water, present low payloads in the
range of 7 to 18.5 wt. %. This is because in the absence of etching with strong acid or base,
the drugs could only be physisorbed on the PB nanoparticles. The aim behind building
assemblies of ultra-small PB nanoparticles was to raise circulation time and improve EPR effect
while also increasing the surface area available for drug loading. This chapter will describe the
various experiments performed to maximize encapsulation of chemotherapeutic agents.
Doxorubicin was used as a model drug to study the loading and release in different media.
Then, the photothermal therapeutic properties of Prussian Blue and its assemblies were
investigated under different experimental conditions. The enhancement of magnetic
resonance imaging contrast and relaxivity measurements were performed to evaluate the
diagnostic capabilities of these novel nanochains. The safety of these Prussian Blue structures
were evaluated using toxicity studies. Loading fluorescent markers to follow the nanochains
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4.2

in-vivo and the diversification of the nanosystem to incorporate more therapeutic
functionalities was attempted and the results have been briefly described in the last section.

DRUG ENCAPSULATION IN PRUSSIAN BLUE NANOCHAINS

The most commonly used anti-cancer drug is doxorubicin (Dox). It is isolated from bacteria
Streptomyces peucetius var.caesius and has a chemical formula of CyH29NOq1. It is an
anthracycline antibiotic, capable of killing cancer cells at every stage of their life cycle and is
effective against various forms of cancers. Since Dox has a free amino group, it is positively
charged at physiological pH. Recent studies have shown that this drug molecule undergoes
dimerization in neutral buffers and precipitates out of solution. This covalent dimer formation
is a result of keto-enol tautomerization, imine formation and oxidation and could occur in
physiological conditions. It is also established that precipitation of doxorubicin occurs in the
presence of other anti-cancer drugs, specifically 5-fluorouracil.*’ Therefore, it is necessary to
use a cargo that can effectively mediate delivery of Dox in its intact form to the target site.
Different types of carriers including liposomes, polymeric nanoparticles, micelles as well as
exosomes have been developed over the past decade for this purpose.?* Cyclodextrin cages
have been well documented as being able to form inclusion complexes with doxorubicin and
facilitate their delivery for cancer therapy. ***** Similarly, various types of PB nanoparticles
(hollow/mesoporous/gelatin conjugated etc. Table 1, Section 1.3.3) have been used as Dox
encapsulating agents.

The stability of Prussian blue nanoparticles in solution comes from its inherent negative
charge. Electrostatic interaction between PB and Dox is favoured because of the opposite
charges. But introducing high amounts of the drug to the nanoparticle solution may disturb
the balance and lead to precipitation. The choice of the poly y-CD citrate was guided to
potentially enhance the loading capacities, in addition to the electrostatic interactions with the
chains, and prevent the deposition. A wide range of drug concentrations were studied and
careful optimization of experimental parameters was done to encapsulate Dox within PB
nanochains; both bare and coated with poly y-CD citrate. The experiments were conducted at
Institute of Molecular Sciences (ISMO), Université Paris Saclay in the laboratory of Prof.
Ruxandra Gref.

Figure 104. Structure of anti-cancer drug : Doxorubicin
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4.2.1

Stability of sample with doxorubicin

As the first step, the stability of nanochains in the presence of doxorubicin was evaluated. The
synthesis procedure described in chapter 3 was followed to form PB FeGA and the size and
zeta potential was recorded. A part of the sample was separated and coated with y-CD citrate
polymer (0.5 equivalents). The final PB concentration in both samples were brought to 41.5
UM before starting the experiment. Doxorubicin stock solutions of three concentrations (0.1, 1
and 10 mM) were prepared and a constant volume of each was added to 2 mL of NP assembly
solution to ensure same dilution. The samples contained 2, 20 and 200 uM of Dox respectively
and were incubated for 18 hours at room temperature under gentle stirring. The changes were
monitored using DLS, TEM and zeta-potential measurements and results are indicated in
Fig.107.
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Figure 105. Effect of doxorubicin addition on (a) size and (b)zeta potential of PB FeGA assemblies
(c) zeta potential of PB FeGA- 0.5 eq. CD citrate polymer and (d) TEM image of polymer coated
PB FeGA with 200 uM Dox

After the incubation time, the solutions containing 2 uM of Dox appeared unchanged and had
a clear blue colour. The bare PB FeGA assemblies (without poly y-CD citrate) aggregate and
completely precipitate out of the solution in the presence of 200 uM of Dox. DLS indicates
large sizes (>1000 nm) and the zeta potential shifts drastically to the positive side with a value
of +16 mV. Some deposition in the sample was also observed at 20 uM. Therefore, drug
concentrations need to be lowered to ensure stability. Contrastingly, the polymer coated PB
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FeGA remained much more stable in the presence of doxorubicin. At 20 uM, the sample
appeared unchanged with DLS and TEM indicating no aggregation or deposition. The zeta
potential of the solution remained negative with a value of -21.3 mV even upon addition of
200 uM Dox, but the size of chains significantly increased (< 500 nm). Therefore, further
optimization was necessary but this was the first indication of increase in stability in the
presence of polymer coating.

Drug loading and Sample optimization

The drug loading experiments involved multiple steps. The encapsulation of doxorubicin was
evaluated in four types of samples:

a) Prussian Blue (PB) nanoparticle solution

b) Prussian Blue assembly (PB FeGA) solution

c) PB FeGA assembly + 0.5 equivalents y-CD citrate polymer

d) PB FeGA assembly + 0.05 equivalents y-CD citrate polymer

It was important to understand if building assemblies of ultra-small PB nanoparticles effect its
drug loading capabilities. So the same concentration ([PB]=41.5 uM) of bare nanoparticles and
assembly was compared with different amounts of Dox. It was earlier established that presence
of CD-citrate polymer renders a certain stability to the assembly solution. But, it was necessary
to modulate the exact amount of this high molecular weight polymer required to optimize the
loading and ensure no free poly y-CD citrate remains in solution. Therefore, different amounts
(41.5 and 4.15 yM, 10 mL) of polymer was added to synthesised assemblies (83 uM,10 mL)
before the ultra-filtration and washing steps. Depending on the required concentration of
doxorubicin (9, 18, 47, 93 and 192 pM) in the final sample, stock solution of the drug was
diluted and added to these samples. Every combination was studied twice to avoid
experimental errors and obtain reliable results. The drug-nanoparticle mixture was incubated
for 16 hours at room temperature, under gentle stirring.

Complete characterization using DLS, TEM and zeta potential was performed for each sample.
Pure PB solution is very unstable in the presence of doxorubicin. The 3-4 nm PB nanoparticles
evolved to ~85 nm aggregates in presence of 9 uM Dox and higher concentrations led to
complete precipitation of the solution. The assembly formation helps stabilize the system and
bare PB FeGA nanochains can tolerate up to 18 uM of doxorubicin. The percentage of large
aggregates appear with 47 uM concentration and was indicated with dynamic light scattering
experiments (Figure 109 c). Majority of the assemblies had evolved to sizes above 1400 nm,
while only 11 % remained below 250 nm and this could be verified with TEM analysis using
glow discharge treatment to prevent aggregation on the grids.
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Figure 106. TEM images of Prussian Blue nanoparticles with (a) 9 uM and (b) aggregates
observed on introduction of 18 uM doxorubicin.
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Figure 107. Results of TEM and DLS analysis of PB FeGA with (a) 9 uM (b) 18 uM (c) 47 uM of
doxorubicin.

As mentioned in the earlier section, assemblies coated with poly y-CD citrate remain more
stable in the presence of higher drug concentration and the exact amount of polymer required,
needed to be determined. PB FeGA with 0.05 eq. polymer is capable of encapsulating 47 uM
of Dox (Fig.111 a) and starts precipitating only at 93 yM (DLS > 2000 nm) concentration.
Presence of 10 more equivalents of polymer increases the tolerance of the sample. Although
aggregation of the assemblies begin with the introduction of 93 uM doxorubicin as seen with
TEM analysis (Fig. 111 b), the solution remains stable. Only when the amount of drug is 4.6
times the nanoparticle concentration (192 uM Dox), a small percentage of the sample forms
1000 nm aggregates and starts precipitating.
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Figure 108. Effect of doxorubicin addition on hydrodynamic diameter of PB assembly coated
with (a) 0.05 eq. (b) 0.5 eq. CD citrate polymer

Figure 109. TEM micrographs of (a) PB FeGA 0.05 eq. polymer with 47 uM Dox and (b) PB FeGA
0.5 eq. polymer with 93 uM Dox.
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Once the incubation period elapsed, an ultracentrifuge (114000 g, 60 minutes) was used to
deposit the drug loaded nanoparticles/assembly into a pellet. The supernatant was carefully
separated. As seen from UV-Visible spectra in Fig.112 (a), the characteristic absorption of Dox,
centered around 490 nm is present together with the PB band at 700 nm in the starting sample.
As expected the signal rises with an increase in the amount of doxorubicin added. The
nanoparticles are completely removed after the ultra-centrifugation step, as the 700 nm signal
vanishes in the supernatant. Only the free, un-encapsulated drug is present in the recovered
supernatant which contributes to the absorption, evidenced in Fig.112 (b).
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Figure 110. UV-Visible spectroscopy results of (a) PB assembly with varying amounts of
doxorubicin and (b) Supernatants of PB assembly + Dox recovered after ultra-centrifugation.
The supernatant solutions were diluted with DMSO keeping the volume ratio constant at 1:1,
to dissociate the complexes CD:Dox.?*® Doxorubicin has an intrinsic fluorescence with a
characteristic emission around 590 nm (Fig. 113 a). This property was used to determine the
concentration of free Dox in supernatant. The fluorescence spectra of each diluted supernatant
mixture was recorded. Solutions with known concentrations of doxorubicin were prepared in
DMSO-water mixture and a calibration curve was obtained. The exact amount of un-bounded
drug in the supernatant could be quantified by comparing the fluorescence intensity with the
calibration plot and incorporating the dilution factor. Percentage encapsulation efficiency of
each of the four samples investigated, with their respective drug concentrations were then be

calculated using the following formula:

Encapsulation Efficiency (EE %) =[(Total Dox Input — Dox in supernatant)/ Total Dox
Input] x 100

Drug payload is the weight percentage of encapsulated drug molecule with respect to the
weight of the nanocarrier. Since the CD-citrate chain has a high-molecular weight, bulky
structure, a small increment in the amount of polymer drastically increases the overall weight
of the nanoparticle assembly, thereby reducing the payload percentage.
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Doxorubicin Fluorescence Calibration curve
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Figure 111. (a) Fluorescence signal of doxorubicin solution and (b) Calibration curve prepared
using known concentrations for determining the un-encapsulated Dox in supernatant.

Table 5. Encapsulation Efficiency (EE %) obtained for the samples studied, at respective
doxorubicin concentrations.

Dox conc. 9 uM 18 uyM 47 pM 93 pM 192 pM

Prussian Blue 919 +0.03% 804 +0.01% 635+08% 603 +0.1% 542 £ 0.2%
EE

PB FeGA 952+03% 956+01% 907+05% 728+06% 51.7+12%
assembly EE

PB FeGA @ 625+07% 492+01% 629 +0.05% 683 +0.5% 729 + 0.01%

0.5eqCD
citrate EE

PB FeGA @ 918+04% 937+01% 96.2+0.2% 782 +003% 514 +0.1%

0.05 eq CD
citrate EE

Ultra-small Prussian blue nanoparticles (~5 nm) were the building blocks used to create
assemblies. These bare single nps are capable of interacting with doxorubicin, purely by
electrostatic forces due to a difference of charge. Maximum encapsulation efficiency of ~92 %
could be attained at the lowest concentration (9 uM). But as the amount of drug introduced is
increased, the EE reduces and the sample deposits out of the solution. The formation of PB
nanochains with iron and Gallic acid, imparts a certain stability to the solution and it can
tolerate up to 18 uM of Dox. Maximum loading efficiency of 95.6 +0.1 % can be obtained from
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PB-FeGA assemblies at this concentration. This could be attributed to a higher surface area
available in the nanochain for interaction with the drug. Higher quantities cause aggregation
and form huge interconnected assemblies (seen in Fig. 109 ¢). The “nano” property is lost and
once deposition begins, the drug loading capabilities are significantly lowered. This has to be
avoided in order to form an effective and efficient theranostic system.

Coating the PB FeGA assemblies with poly y-CD citrate is a crucial step. It improves the stability
of the solution to a large extent. In the presence of 0.5 eq. of the polymer (20.75 uM y-CD
citrate on 41.5 uM PB FeGA) the sample can handle up to 10 times more doxorubicin without
completely precipitating out. The gamma-cyclodextrin citrate polymer is capable of trapping
Dox molecules in their cages but it was observed that the encapsulation percentage decreases
to ~73 %. This might be due to the fact that the polymer chains are present in excess and the
unlinked polymer present in solution also traps the drug introduced to the sample. In this
manner the amount of drug available for encapsulation in polymer coated Prussian Blue was
reduced, leading to a low EE %. This hypothesis was further verified. When the amount of
polymer used was reduced to 0.05 equivalents (2.075 pM) with respect to the PB in assemblies
(41.5 pM); the encapsulation efficiency increases from approximately 62 to 92% at the lowest
drug concentration. It keeps rising until 96.2 +0.2 % loading is achieved with 47 uM Dox,
indicating almost complete encapsulation of the drug. This indicates that all the polymer
added is coated on the nanochain surface, maximizing the drug payload, while also providing
a stabilizing effect. High concentrations cause deposition and consequentially the EE %
decreases. The experiments were reproduced and intermediate Dox concentrations (between
47 and 92 uM) were also attempted. Sample optimization was done in this manner. It could
be concluded that PB FeGA assemblies coated with 0.05 equivalents of y-CD citrate polymer
provided the best balance between stability and encapsulation efficiency, and therefore would
be used for further experiments.

Figure 112. Schematic representation of doxorubicin loading on PB FeGA -CD citrate
assemblies

Optimization of Incubation time

Once the sample type with best drug interaction and encapsulation efficiency was determined,
effect of other experimental parameters were investigated. Usually nanocarriers need to be

incubated for 24 or 48 hours with respective drug molecules to successfully load them.'¢"2>>
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It would be experimentally beneficial to reduce this time duration. Therefore, it was important
to determine the appropriate amount of incubation period needed for optimal drug loading.
Fresh PB FeGA-0.05 eq. CD citrate was synthesised. After ultra-filtration and washing steps, the
sample was divided into multiple aliquots and 47 uM of Dox was added to each. The vials were
protected from light and incubated at room temperature under gentle stirring for 1, 4 and 16
hour periods. Each time point was studied in triplicate to incorporate error between
measurements. At the end of the designated incubation time, the samples were treated with
ultracentrifugation, supernatant separation, UV-Vis and fluorescence spectroscopic studies.

Drug Payload (wt. %) =[(Weight of encapsulated Dox/ Weight of PBFeGA-0.05 eq. CD
citrate] x 100

Incubation | Encapsulation | Drug

time Efficiency (EE) | Payload
0.04
16 hr 935+17 %  356+06%
a 0.03
@
| 4 hr 898+07%  342+03%

——Supernatant 4 hr incubation Abs

—— Supernatant 16 hr incubation Abs

0 1hr 846 + 2.3 % 322+ 09 %

450 470 490 510 530
Wavelength (nm)

Figure 113. (a) UV-Visible spectral plot (doxorubicin region) of recovered supernatant solutions
and (b) Average encapsulation efficiency and drug payload percentages calculated for the same
sample under different incubation time periods.

The spectroscopy results provide a clear indication that more drug could be encapsulated with
longer incubation times. The supernatant separated after 1 and 4 hours have a higher Dox
signal compared to the sample incubated for 16 hours. However, the difference is not huge
and exact amount of un-bounded doxorubicin in all three cases were determined using
fluorimetry. The calculation revealed that almost 94 % of input drug is encapsulated in the PB
nanochains within 16 hrs and a high drug payload of ~36 wt% could be achieved.
Furthermore, only a 4 hr period provided a loading efficiency of 90 %. Surprisingly, even just
1 hour incubation of doxorubicin with our nanosystem led to a 84.6 + 2.3 % encapsulation.
The low error bars prove that the experiments are reproducible and the results are reliable. As
far as we know, such high EE % at low incubation times has never been reported before for PB
containing systems. Moreover, obtaining a drug payload of 32-36 % with ultra-small, non-
etched PB nanoparticles is unprecedented.
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It could be hypothesized that a combination of electrostatic attractions between Prussian Blue
nanoparticles and Dox, together with the host-guest interactions and formation of inclusion
complexes within cyclodextrin cages are responsible for such high encapsulation. Furthermore,
the citrate moieties covering the nano-assembly structure attract the positively charged
doxorubicin and contributes to the enhanced loading of drug molecules within a short time
duration. These results suggest that the nanochains would be very efficient drug carriers.

DRUG RELEASE FROM PB NANOCHAINS

The previous experiments provided encouraging results regarding doxorubicin loading in the
nano-assembly. It was important to determine if the encapsulated drug could be released at
the target site and whether external stimuli would aid in the process. For the targeted
therapeutic applications, a drug carrier would have to be introduced into the body, travel via
blood and reach the tumour site. Blood contains different components including proteins,
metals and enzymes that can interact with the injected nanosystem. It is known that the normal
physiological pH is 7.4. Due to cancerous growth the metabolic systems undergo changes and
many complex cellular mechanisms take place. The differences in vasculature and the rapid,
disorganized growth, renders the tumour environment hypoxic in nature. This lack of oxygen,
glycolytic mechanism, combined with poor lymphatic drainage leads to a build-up of lactate
in the area. Therefore, the diseased region has an acidic pH which lies between 5.5-6.8."*™
Doxorubicin as well as other chemotherapeutic drugs have some adverse side-effects. As
discussed in Chapter 1, they can damage the normal dividing cells present in the body, cause
painful sores, nausea and hair loss. These molecules are capable of producing ROS that can
interact with proteins, lipids and carbohydrates, causing serious damages and mutations.
Cardiomyopathy and hepatotoxicity has also been reported for doxorubicin. 2%2*” Therefore,
it is necessary to limit its interaction with healthy tissues and target it specifically to the cancer
cells. Utilizing the pH difference between the two types of cells is a well explored path in
targeted drug delivery research. Different sets of experiments were performed to simulate the
physiological environment and verify if the encapsulated drug could be released.

Effect of pH

The healthy cellular environment was replicated with the help of fetal bovine serum (FBS) and
a phosphate buffer (PBS) at pH of 7.4. The tumour micro-environment was mimicked using 10
% FBS with acetate buffer to obtain a pH of 5.5. It was observed with fluorescence studies that
the characteristic emission of doxorubicin at 590 nm is gradually quenched as the incubation
time with PB assembly is increased (Fig.116 (a)). This occurs as a result of nano-surface energy
transfer and is an indication of interaction between doxorubicinyl groups and our
nanoparticles. The quenched fluorescence of the drug is recovered upon introduction of acidic
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buffer with 10% FBS. This was an indication that the drug could be released from the
nanosystem but the exact quantity had to be determined precisely.

Lowering of Dox Fluorescence upon Recovery of Fluorescence upon
() ~Oerng on HeE PHoreseence (b)
increasing incubation time with release at pH 5.5
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Figure 114. (a) Quenching of doxorubicin fluorescence upon interaction with PB nanoassembly
over time and (b) The recovery of quenched signal in simulated tumoral environment.

The release of doxorubicin from CD-citrate coated PB FeGA assemblies needed to be
monitored over time and each time point was triplicated to ensure reproducibility. Therefore,
each set of the sample was divided into 15 aliquots and 47 uM of drug was introduced. For
experimental ease, the lowest incubation time of one hour was employed. The steps used to
determine encapsulation efficiency were repeated by separating the supernatant. Table 14
(annex 6.4.1) summarizes the results obtained. The results were comparable to the previous
sets of experiment conducted with 1 hr incubation time and average encapsulation efficiency
of 85.6 +£1.0% was obtained.

The pellet formed after ultracentrifugation contained the nanoparticle assembly with the
bound doxorubicin. To study the release in healthy cells, each pellet was redispersed in 10 %
FBS, PBS buffer and water was added to bring back the initial volume. These mixtures was
placed in an oven with gentle stirring at 37°C, to mimic the human body temperature. At
different time points, 3 aliquots each were removed from the set and ultracentrifuged for 30
minutes. Once again, the nanoparticles deposited at the bottom of the tube with the drug that
was still encapsulated. The doxorubicin that was released under these healthy cell conditions
separated out in the supernatant and fluorescence studies were employed to determine the
percentage of doxorubicin release at respective time points. Similar experiment was repeated
at simulated acidic tumour environment. After drug loading, the sample pellets were
redispersed in 10 % FBS with acetate buffer to maintain the pH at 5.5 and incubated at 37°C.
At certain intervals, the samples were taken out of the oven, analysed using ultracentrifugation
and fluorimetry to calculate the percentage of drug released. The results are tabulated below.
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Table 6. Doxorubicin release percentages from Prussian Blue-CD citrate coated nano-assembly
at 37°C under pHs of 7.4 and 5.5

Incubation time at 37°C Percentage release pH 7.4 Percentage release pH 5.5
5 min 12.0+£0.5 38.1+1.14
lhr 141+£05 499+1.0
3hr 153+0.6 52.0+1.9
5hr - 54.1+29
17 hr - 55.6+3.1
20.5 hr 23.0%£0.1 -

The results clearly indicate that the amount of drug released increases progressively with time.
However, pH plays an extremely important role in determining the quantity of Dox that can
be freed from the Prussian Blue nanosystem. At neutral pH, only 12-15 % of the encapsulated
drug is expelled out and a maximum release of only 23 % could be seen after overnight
incubation at 37°C. On the other hand at pH 5.5, a burst release of 38 % is seen within the first
5 minutes of incubation. This is very interesting as it suggests that a significant proportion of
drug could be delivered as soon as the tumoral pH is encountered. Within one hour in the
acidic environment, half of the encapsulated doxorubicin is released from the assemblies. The
experiment was followed only until 17 hours and the results suggest that the release is slower,
and a maximum of ~56 % could be reached. It could be hypothesized that at acidic pH, the
nanosystem undergoes various changes. The carboxylate (COO") groups undergo
neutralization changing the overall surface charge of the polymer coated assembly to less
negative values. Therefore, the electrostatic interactions with the drug molecules is lowered,
leading to significant increase in the release. It has also been demonstrated that the amino
group of Dox is protonated at low pH values and its solubility in solution is increased.®

Effect of temperature

It is well-established that PB is an efficient photo-thermal agent capable of reaching high local
temperatures, comparable to that of gold nanorods or carbon nanotubes used for the same
purposes.'”” Therefore, the effect of elevated temperature on drug release was investigated.
As described earlier, the pellet containing encapsulated doxorubicin within PB FeGA-CD citrate
was dispersed in simulated physiological medium containing fetal bovine serum and pH 7.4
and 5.5 buffers. As a first approach to mimic the PTT conditions, 15 samples prepared under
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each condition was incubated in an oven maintained at 50°C. At certain time intervals, the
solutions were separated and ultra-centrifuged to separate the supernatant. The fluorometric
studies revealed the amount of Dox released at each time point. The experiments were
performed in triplicate to ensure reproducibility and results are tabulated below.

Table 6. Release percentages of doxorubicin from PB assembly at 50°C

Incubation time at 50°C Percentage release pH 7.4 Percentage release pH 5.5
5 min 18.4+0.9 35.7+0.5
lhr 25604 55.5+0.9
3hr 28.1+1.1 58.311.8
5hr 28.7+1.3 63.1+11

The observed release percentages at 50°C prove that temperature also contributes to the
release of doxorubicin at the target site. At neutral pH and high temperature, there is 10-13 %
increase in the amount of drug expelled in the first 3 hours, as compared to the activity at
37°C. The highest release of encapsulated drug was 63 % which could be observed after 5
hours of incubation at pH 5.5 and 50°C environment. In acidic pH, the amount of Dox released
after 17 h in 37°C could be ejected within one hour at 50°C. The temperature factor is related
to irradiation with near infrared (NIR) laser. So, the ~56 % release in the first hour is extremely
significant as the NIR radiation is generally performed as multiple cycles lasting 5-10 minutes.
It is highly interesting that a majority of drug could be unloaded within a short duration in
tumoral environment. The results of doxorubicin release under different conditions are
summarised in Fig. 118.

Acidic envt.

Temperature
50°C

Figure 115. Schematic representation of doxorubicin release from PB nanochains in tumoral
microenvironment.
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Figure 116. Plot displaying doxorubicin release from PB nano-assembly in healthy and acidic
tumoral environments and the effect of increasing temperature (dotted lines).

In conclusion, it can be said that the self-standing, PB FeGA poly y-CD citrate system
synthesized using green conditions in water, is infact a smart drug vehicle for anti-cancer agent
doxorubicin. The ~100 nm long chains of sub-10 nm Prussian Blue nanoparticles are capable
of achieving high encapsulation values for doxorubicin. A triggered release (38 % within 5
mins) at acidic pH could be easily obtained with this novel nano-assembly. A high percentage
of the loaded drug could be carried and delivered specifically to the tumour site within a few
hours. This drug release could be further enhanced by incorporating an additional external
stimulus of temperature, which could be easily attained using PB nanoparticles. It has to be
noted that an even higher release may be achieved when performing irradiation with NIR laser
due to more localized heating in the vicinity of the nanochains during PTT experiments. Only
a small fraction of Dox is expelled in the healthy cell environment at normal body temperature.
This proves advantageous as it would minimize the adverse side-effects usually associated
with chemotherapeutic drug molecules.

IN-VITRO STUDIES

Since it was established that doxorubicin could be released from PB nano-assemblies, the next
important step for moving towards medical applications was the understanding whether they
could be internalized within cells and evaluate its toxicity. The in-vitro studies were conducted
in the laboratory of Prof. Lucie Sancey at IAB, Université Grenoble Alpes, France. The
experiments were performed on U87-MG (human glioblastoma astrocytoma) cells. Fresh
solutions of PB FeGA-poly CD citrate and the assemblies incubated with doxorubicin were
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prepared for the analysis. Confocal microscopy was used to monitor the internalization of the
fluorescent drug molecule within the cancer cells.

Confocal Microscopy

U-87 MG cells were seeded in LabTek Chamber-I, 24 hours before experiment. Cells were
labelled with Lysotracker Green (#L7526, ThermoFischer Scientific) to identify the lysosomes,
and with Hoechst 33342 at 1 uM. In parallel, cells were incubated with Doxorubicin (0.1 uM)
and PB-FeGA nanochain incubated with Dox (0.1 pM) and observed under a confocal
microscope using a LSM 7 MP (Zeiss, Germany) equipped with a 40 x water-immersion
objective (NA 1.2; Zeiss) and ZEN 2010 software for detection of the different channels. Laser
excitations/emissions were 760 nm biphotonic/400-450 nm for Hoechst, 488 nm/500-550 nm
for Lysotracker Green, 543 nm/550-650 nm for Doxorubicin, respectively.

The parameters and contrast adjustments were kept constant to have an accurate comparison
between the nanochain-Dox conjugate and free Dox activity in-vitro and the images taken at
regular intervals are shown below. The cell nucleus is coloured blue, lysosomes appear green
and doxorubicin appears red in colour. Endosomes are organelles responsible for transporting
materials from the extra-cellular matrix to the inside of the cells. The yellow spots originate
from the overlap of green and red signals, indicating colocalization of doxorubicin within the
lysosomes of the cells.
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Figure 117. Confocal microscopy images at different time points with U87-MG glioblastoma cells
in the presence of free doxorubicin (top) and doxorubicin loaded in PB nanoassembly (bottom).

The results indicate that the free-Dox quickly enter the cell compartments within 10 minutes.
On the other hand, when doxorubicin in encapsulated in the PB nano-assembly, the signal
coming from Dox is quite minimal in the first 5 minutes. But gradually, it could be observed
that the internalization of the drug is much higher in this case, as the intensity of the red signal
continuously grows despite similar monitoring parameters. Colocalization with the lysosomes
(yellow) is also evident at the 15 minutes time point but the Dox signal keeps increasing. This
time evolution gives an indication that the drug release seems to occur only within the target
environment. When the acidic lysosomal environment is encountered, the percentage of drug
expelled from the nanosystem is amplified, leading to a higher red fluorescence in 60 minutes
as compared to when the drug solution is simply introduced to the cells. This is due to the
restored fluorescence of Dox once it is dissociated from the chains. It is an additional proof
that PB FeGA assemblies are effective anticancer drug nanocarriers that can help penetrate the
cells and internalize more drug molecules within a short period of time. This would prove
beneficial for medical applications, as a lower quantity of drug would be enough to generate
the same effect if loaded into such delivery vehicles. The presence of PB nanochain by itself,
inside the cells could not be directly seen using this experiment. It requires decoration of the
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nanostructure with another fluorescent probe and these studies will be conducted in the
coming months.

Cytotoxicity experiments

In order to act as a therapeutic agent, it is necessary that the Prussian Blue nanosystem is safe
and non-toxic for the cells in the body. Therefore, cell viability experiments were conducted
using PB FeGA-CD citrate nanochains loaded with and without doxorubicin. Concentrated
solutions containing 110 uM of nanoparticles were prepared using ultra-filtration. The U87
cell-line was used to obtain comparable results in the clonogenic assay. The number of
colonies formed after incubation with nano-agents determine their survival fraction and
provided information on its toxicity. The effect of different concentrations (0.01-0.5 uM) for
each sample was evaluated and compared to the effect of free Dox. The cells incubated with
the samples were cultured for 8 days. The cells that survive the exposure to NPs/drug would
divide several times and form colonies. At the end of incubation time, the plates were rinsed,
fixed with ethanol, colored, and counted for colony assay. The control condition was used to
determine the plating efficiency (PE) as indicated in Equation 1.

PE = no.of colonies formed % 100 (Eq. 1)

no.of cells seeded

The surviving fraction (SF) was calculated using equation 2.

SF = no.of colonies formed after treatment (Eq. 2)

no.of cells seeded X PE

The fraction of cells alive in presence of nanoassembly with and without the drug, provided an
estimate of toxicity of our samples. Each measurement was triplicated to obtain an average
value within a margin of error and the results are represented below.
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Figure 118. Cell survival plots of U87 cells in the presence of PB FeGA-CD citrate assemblies
(blue), assemblies loaded with doxorubicin (green) and effect of pure doxorubicin solution (red).
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It is evident that PB nanoassembly created using iron and gallic acid linkers are safe and non-
toxic. More than 95 % of the cells remain alive even after exposure to the highest concentration
of these nanoparticles. Therefore, they could be used for further studies and is a promising
candidate for bio-medical applications. As expected, doxorubicin was highly cytotoxic for the
cells. It kills almost half of the cells at the lowest concentration and only 1% survives in the
presence of 0.5 uM Dox. Very interestingly, the non-toxic PB FeGA nanochains when loaded
with the drug behaves in an almost similar manner. It is capable of eliminating a maximum of
the cancerous cells, and only 8% remain alive at 0.5 uM concentration. This shows that a
maximum of the encapsulated drug is released inside the cells, and the small difference when
compared to free doxorubicin is due to the fact that the release is not complete. This effect
can be easily enhanced by combining photothermal therapy. NIR laser is expected to act as an
additional trigger for generating a high cytotoxic effect within tumours. The PTT properties
have not been evaluated in cellulo but are reported in vitro in the following section.

PHOTOTHERMAL THERAPY WITH PB NANOCHAINS

Photothermal therapy (PTT) is a form of non-invasive treatment involving the use of near-
infrared light. The biological window lies in the wavelength range between 650-1024 nm
because skin, haemoglobin and other tissues of the body have a minimal absorbance here.®
Therefore the NIR radiation can penetrate deeper compared to other wavelengths. In PTT, the
death of cancerous cells is induced by increasing the temperature of the local environment.
Photothermal agents that absorb light and convert the energy to heat are used in this
therapeutic method. Such agents need to have a large absorption cross-section in the
biological window and have a high light to heat conversion efficiency. Most of the commonly
used nanomaterials used for PTT were discussed in chapter 1. Since Prussian Blue has an
intense absorption around 700 nm, lot of research had been focussed on its PTT capabilities.
It was established in 2012 that PB is an efficient and stable photothermal ablation agent due
to its high molar extinction coefficient.'® More recently, our group had shown that ultra-small
Gd-doped PB nanoparticles display a high photo-thermal conversion rate, which was at par
with the gold nanorods and carbon nanotubes used for the same purpose.’”’ It was necessary
to understand if the assemblies constructed would behave in a similar manner and if
physiological conditions affect the conversion rate and the temperature that can be achieved.

Photo-thermal conversion nanoparticle vs nanoassembly

The experiments were conducted in the lab of Prof. Florence Gazeau, with PhD student
Theotim Lucas at Université de Paris. Fresh samples of Prussian Blue nanoparticles, PB-FeGA
assembly, optimized PB FeGA-0.05 eq. CD citrate were prepared. The nanoparticle and polymer
coated assembly solutions were ultra-filtered, washed and concentrated to reach the [PB]=
0.125 mM. The setup involved an infra-red laser at wavelength of 808 nm. The power of the
laser was adjusted to 1W/cm? and arranged to be 1.6 cm above the sample (200 uL) solution.
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As a blank experiment, water was first irradiated in the setup for 15 minutes and heat rise was
monitored using thermal camera. The recorded video was analysed to determine the exact
temperature at different time points and data extracted was plotted to give final results. The
same experiment was repeated with the UF and washed PB FeGA CD citrate sample.
Continuous irradiation for 15 minutes provided information on the maximum possible
temperature that could be reached and the plots are presented in Figure 121 (b).
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Figure 119. (a) Schematic illustration of experimental setup for photothermal experiments (b)
Plot of temperature evolution in PB assembly upon 15 min NIR irradiation in comparison to
blank experiment performed with water.

It could be observed that irradiation of water with NIR laser for 15 minutes led to a temperature
rise of only 2.3°C, while the change in PB FeGA CD citrate nanoassembly solution was of 30.1°C
(AT). The final temperature reached in the sample was 54.8°C which is more than sufficient for
cell killing. Moreover, the usual radiation procedure for photothermal therapy involves
multiple cycles of 5 or 10 minutes. From the curve plotted in Fig.121 (b), it could be seen that
98 % of maximum temperature could be reached with just 5 minutes of exposure to the laser.
Therefore, further experiments were performed with this time setup. Pure PB nanoparticles
(0.125 mM) and PB FeGA CD citrate (0.125 mM) solutions were irradiated with the laser for 300
seconds and then allowed to cool down. Interestingly, it could be seen that the maximum
temperature reached was 6.5°C higher for the assemblies compared to the bare nanoparticles
(47.7°C) at the same concentration. This could be directly attributed to increased absorption
of the PB FeGA CD Citrate in the visible-NIR region (Fig. 122 b). This additional contribution
arises from the coloured and highly stable Fe-Gallic acid complexes and the new Fe(ll)-CN-
Fe(lll) pairs formed due to bonding of iron gallate to the surface of PB during formation of the
nano-chains.
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Figure 120. (a) Increase of local temperature upon 5 min NIR laser irradiation on PB nanoparticle
and PB nanoassembly solution (b) Corresponding UV-Visible spectral plot of the solutions with
PTT region of interest

The experiment proved that the synthesized PB nanochains have a high photo thermal
conversion rate and would in fact, have better therapeutic activity as compared to the
individual nanoparticles. However, it was important to verify the stability of these
nanostructures over multiple cycles of heating for translation to medical applications. The PB
FeGA CD citrate solution was subjected to 5 cycles of irradiation, each lasting 5 minutes,
followed by a cool down (laser off) period of 5 minutes.
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Figure 121. Plot of temperature fluctuation in PB FeGA CD citrate (0.125 mM) solution
subjected to 5 cycles of NIR radiation (808 nm, 1 W/cm?)

The results shown in Fig.123, reveal that the efficiency is maintained and that a AT of 30°C (
temperature above 54°C) could be obtained even with multiple cycles of laser irradiation on
the Prussian Blue nanochain solution. The sample is highly photo-stable and capable of
absorbing light energy and dissipating it in the form of heat. Literature survey had indicated
that a temperature of 43°C is enough to ensure death of cancerous cells. Therefore, a lower
concentration of these nano-assemblies is sufficient for the targeted applications. The above
mentioned trials were conducted in water and it was important to understand if the same
behaviour could be maintained under physiological conditions.
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Effect of physiological medium

Two concentrations of PB FeGA-CD citrate (0.1 and 0.14 mM) samples were prepared for the
next set of experiments. Each sample was divided into two aliquots of 0.5 mL and fetal bovine
serum (10 % vol.) was introduced. The total volume was made up to 1 mL using buffer
solutions: PBS for pH 7.4 and acetate buffer for pH 5.5. Therefore, the final concentration of
PB in samples were 0.05 and 0.07 mM respectively. All 4 assembly mixtures were subjected to
5 cycles of NIR radiation under the same conditions and the results obtained are plotted below.
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Figure 122. (a) Study of photo-thermal effect in polymer coated PB FeGA nanoassembly with
10% FBS at (a) acidic tumoral pH and (b) neutral physiological pH
It is evident that the concentration of PB nanoparticles has a direct effect on local heat
produced by the sample and tuning the concentration can help attain any desired
temperature. The results suggest that the nano-assemblies have a good photo-thermal
efficiency and stability even in physiological media, and would therefore be effective
therapeutic agents. It was interesting to notice that in acidic environment (Fig.124 a), 0.07 mM
sample could display a AT = 24.8°C reaching a temperature of 52.4°C, whereas the same
concentration only leads to a maximum temperature of 44.2°C (AT=16.6°C) in neutral pH of
7.4 (Fig. 124 b). The same effect is seen at the concentration of 0.05 mM in both environments.
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This can be attributed to the behaviour of Prussian Blue in different buffers. The high amount
of phosphate ions present in PBS is known to complex Fe** located at the surface of PB and
reducing the number of Fe-CN-Fe pairs present in the solution. So the absorption band in 600-
900 nm region, arising from PB Nps slightly decrease over increased exposure to PBS buffer.
This effect was described with spectroscopic studies section 3.2.4. This is also the reason for a
small decline in the maximum temperature reached after every cycle, at pH 7.4.

It can be concluded that the assemblies of ultra-small PB nanoparticles synthesized during this
doctoral project are efficient photo-thermal therapeutic agents. It remains stable in water and
physiological environment containing different ions and proteins. The PB FeGA-CD citrate
chains can endure multiple cycles of irradiation without a loss in light to heat conversion rate
and relatively low concentrations are capable of generating high temperatures with AT=30°C.
As described in earlier sections, these nano-assemblies are capable of encapsulating
chemotherapeutic drug molecules and performing stimuli-responsive delivery. A majority of
the loaded doxorubicin could be delivered within short amount of time upon interaction with
acidic environment at elevated temperatures. The photothermal effect produced by the PB
nanochains will ensure local temperature rise only on the NIR laser focussed region. This would
be associated with enhanced drug release at the specific site leading to eradication of
cancerous tissues. This two-pronged approach of synergistically combining chemo and photo-
thermal treatments make PB FeGA nano-assemblies efficient therapeutic agents.

NITRIC OXIDE LOADING AND RELEASE

Nitric Oxide (NO) is a water-soluble gas that is usually used for relaxing muscles, as
vasodilators and in the treatment of respiratory failure. In 2008 it was established that at
concentrations above 200 nM, NO has anticancer properties.”®® Tumour progression is
inhibited, multi-drug resistance could be overcome and it has been shown that NO also
sensitizes tumours towards radiotherapy.>*?®° In the body, NO is generated by oxidation of |-
arginine amino acid, in the presence of certain enzymes and co-factors. However, this can
rapidly react with other compounds and has a short half-life. So this NO generated from
intrinsic sources have unpredictable response to cancerous tissues. Therefore, development
and inclusion of NO into the body through external donors have been widely studied over the
past decade.?®’ One of the most commonly used agents for this purpose is sodium
nitroprusside (SNP).

Interestingly, SNP has a structure similar to ferrocyanide that is used in Prussian Blue synthesis.
This property has been exploited and T.Feng et.al showed that PB has an ability to act as a
carrier for NO. Mesoporous PB-SNP (~100 nm) particles were synthesized by mixing the
precursors in HCl at 80°C (12 hrs). They proved that SNP is included in the framework of the
porous nanoparticle and the gas release could be triggered by NIR laser irradiation to the
target site.”® This adds a new perspective to an already versatile theranostic nanoparticle. The
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aim of our project was to determine if this property could be incorporated within our sub-10
nm PB nanoparticles and nanochains while maintaining a green method of synthesis.
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Figure 123. (a) Structure of Sodium Nitroprusside (SNP) (b) TEM micrograph of mesoporous PB-
NO and (c) NO release profile of m PB-NO at different temperatures®®*

Synthesis of PB-SNP nanoparticles and characterization

Two strategies were employed to synthesize PB-SNP nanoparticles. The first involved direct
synthesis from the constituents where the Fe'" complexes: ferrocyanide and nitroprusside were
mixed in different proportions (0.9:0.1 to 1:12) to make a homogenous solution in water before
adding 1 equivalent of ferric nitrate precursor. The reaction conditions were maintained at 2°C
but the suspensions formed were unstable and deposited with time. This was because the
formation of our nanoparticles relies heavily on the controlled nucleation step which is strongly
dependent on the precise balance between the reagents and charge of the surface.

The second strategy included exchange of ligands, and grafting NO onto the surface of pre-
formed PB nanoparticles. Concentrated stock solution of SNP (180 mM) was prepared and
different volumes depending on the required concentration was added onto 0.25 mM PB
solution at room temperature. This was done to minimize dilution of Prussian Blue solution
and was determinant to obtained SNP grafting. Ratios ranging from 1:1 to 1:14 between PB
and SNP were studied. The reaction was run for 90 minutes to maximize the surface exchange.
This method was successful and addition of upto 12 equivalents of nitroprusside resulted in a
stable colloidal solution. The size of the functionalized nanoparticles remained below 10 nm.
This was verified by DLS and TEM analysis.
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Figure 124. (a) Hydrodynamic diameter of nitroprusside grafted PB nanoparticles before and
after ultra-filtration (b) TEM image of PB:SNP 1:12 sample (c) IR spectral comparison of 1:6 and
1:12 sample after purification
UV-Vis spectroscopic studies showed that the PB absorption band is not effected by the
surface functionalization. The only clear method of verifying the presence of NO in the particles
was through infra-red spectroscopy. But prior to this, each solution was UF and washed twice
to remove the un-bonded SNP. Saturated salt solution was added to precipitate the sample
and powder was recovered after drying under vacuum. The 1:6 sample provided the first
indication that the doping with SNP was successful. The N=0 vibration could be clearly seen
at 1944 cm™ and the characteristic peak of ven from Prussian Blue is observed at 2086 cm™. An
increase in intensity of the nitroso band could be seen with the 1:12 sample. Therefore, this
sample with maximum NO substitution was considered for further experiments and is
hereafter mentioned as PB-SNP. The optimization of these nanoparticles were performed by

Andrea Merlo during his Master thesis internship.
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4.6.2 Assembly formation with functionalized nanoparticles

The sub-10 nm PB-SNP nanoparticles were used to prepare assemblies following the method
described in chapter 3. Physico-chemical characterization of PB-SNP FeGA revealed similar
results to the normal assemblies. However, the intensity of nitroso band in IR was significantly
diminished. It was assumed that the dilution involved in assembly formation steps displaces
some of the NO. The dilution factor is 3 as one volume each of Fe** and gallic acid is added to
the preformed PB-SNP nanoparticle solution. And attempt was made to reduce the dilution
factor and doubly concentrated precursor solutions (1 and 2 mM) were used. The chains
formed in this manner are longer with the hydrodynamic diameter ~200 nm. A more
pronounced NO peak is visible in the IR spectra, with this change in the synthetic process.
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Figure 125. (a) Hydrodynamic diameter of PB-SNP nanoparticles and their assemblies. Higher
sizes observed on using concentrated precursor solutions to minimize dilution (b) IR results of
PB-SNP FeGA assemblies synthesized with different precursor concentration. (c) PB-SNP FeGA
assemblies visualized by TEM.

Further optimization of this nano-system is required, and results will be reproduced in the
following weeks, but the initial results are encouraging. It is clear that nitric oxide could
effectively be grafted on to the ultra-small PB nanoparticles and this process could be done
easily at room temperature, in water, without use of harsh conditions. Assemblies of these
versatile nanoparticles could also be formed. The next step was to determine if NO could be
released from these newly designed systems.
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NO release from nanoparticles and assemblies

Similar to doxorubicin drug delivery, it was important to know if NO gas release from the
nanoparticles could be triggered using external stimuli. Infra-red spectroscopic analysis only
provided a qualitative proof of NO presence and it required multiple steps: precipitation,
centrifugation and drying, for each sample. Moreover, detection of a change in intensity
requires rather high release percentage.

In order to simplify the procedure an indirect method of NO detection was employed using a
Griess assay kit (Sigma Aldrich). This assay included 2 reagents (GR 1 and 2). NO is easily
oxidised to nitrite in air and the sulphanilamide reagent reacts with the NO, to form a
diazonium salt in solution.?®® The second reagent: naphthyl ethylenediamine dihydrochloride
is then added to the mixture and a magenta coloured azo dye formation takes place. The
reaction mechanism is demonstrated in Figure 128 (a). This dye absorbs at 540 nm. A
calibration curve (ODss nm Vs conc) was prepared using solutions with known nitrite
concentrations. The absorbance coming from the specifically treated PB-SNP nanoparticles
were compared to the curve and amount of NO released was determined.

As described in section 4.5.1, stable ultra-small Prussian Blue nanoparticles with high NO
content could be synthesized by maintaining 1:12 ratio between PB and SNP precursor
solutions. The synthesis was followed by UF and washing steps to ensure that only the nitric
oxide bound to the surface of nanoparticle is detected. The effect of temperature and pH on
the release of NO was studied and the results were compared to a sample of PB-SNP
maintained at room temperature. To simulate the NIR laser triggered heating effect rising
within the nanoparticles, the PB-SNP solution was subjected to a temperature of 70°C using a
water bath, maintained under reflux for one hour. This is of course an approximation since
larger local temperature rise can happen in the vicinity of the PB during PTT, leading to larger
release.

155



Sulfanilamide  NO-,

1,0
(@) H,NO. NH LZ‘HNOS N (bl &t v & ? & V'S 4 4
2 2S 2 2 s 2 :

H NH,
VA4
Azo dye formation \ b))
NH
N-1-napthy y

H
mo,s—@—u-u NN ]

(c) Nitrite Standard solution curves (d) Calibration curve nitrite assay

0.06 0.06

0.05
0.05 ’ y=0.0047x ®

R?=0.9969""

=)
1=
b4

Nitrite std 0 uM Abs

—— Nitrite std 2 uM Abs

A 540 nm

[=]
8003

— Nitrite std 3 uM Abs
0.02 —— Nitrite std 5 uM Abs 0.02

—— Nitrite std 10 uM Abs

0.01

450 500 550 600 650 700 750 0 2 4 6 8 10 12
Wavelength (nm) Nitrite conc. (M)

Figure 126. (a) Reaction mechanism of conversion of nitrite into a coloured azo compound that
can be detected spectroscopically.®®* (b) Solutions prepared using nitrite standard and Griess
reagents in the lab. (c) The absorption plots of the prepared standard solution and (d)
corresponding calibration curve.

PB-SNP solution was mixed with acetate buffer (pH 5.5) and divided into two aliquots. Fraction
1 was stirred for an hour at room temperature to understand the effect of pH, while the second
part was heated to 70°C, under reflux to see the combined effect of pH and temperature. The
solutions appeared stable and unchanged with no deposition, similar to bare PB-SNP solution
maintained at room temperature. Each sample was then dispersed in nitrite assay buffer (NAB),
before adding Griess reagents 1 and 2. The mixtures turned light pink in colour and were
incubated at room temperature for 10 minutes before beginning the spectroscopic analysis.
As seen in Figure 129 (a), the spectra of the solutions provided a clear signal that NO could
indeed be released from the sample. The band of the azo-dye centered around 540 nm is
highly enhanced in the heated sample compared to the nps maintained at room temperature.
This indicated that temperature rise would aid in the release of NO from our nanoparticles.
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The absorption at 540 nm of all 4 mixtures were recorded to detect the amount of NO released.
The spectra of bare nanoparticles diluted to the same extent, in absence of Griess reagents
was also measured. This value was subtracted from the recorded As4o nm, in order to correct the
measurements and isolate the contribution arising purely from azo-dye. The corrected OD
values were used to quantify the NO content in the mixture, using the calibration curve.
Considering the dilution factor, the exact amount of NO released due to temperature and pH
effect was calculated and the results are tabulated below.
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and GR 1+2 (UM)
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Figure 127. (a) UV-Visible spectra of PB-SNP nanoparticles heated to 70°C, compared to a RT
sample, treated with Griess assay. (b) Amount of NO released from PB-SNP under different
temperature and pH conditions.

The starting concentration of NO, grafted on the nanoparticle surface after UF could not be
accurately determined with IR. Quantification of NO could not be done by elemental analysis
a N content from cyanide in PB is often unreliable and hence the exact release percentages
cannot be calculated. However, the results make it clear that the nitroprusside doped ultra-
small Prussian Blue nanoparticles can act as good carriers of nitric oxide. The release at room
temperature is very minimal but encountering the acidic environment of tumours produces a
2.6x (7.1 yM) increase in the rate. It has to be noted that here, the temperature is a much
bigger factor that determines the amount of NO expelled from the nanoparticles.

When heated, the release of this radio-sensitizing gas is improved by a factor of ~7. It is
hypothesized that the added thermal energy helps dissociation of NO from the Fe-NO
coordination bond in the nanoparticle, leading to such high values of release. Since PB is
capable of converting absorbed light energy into heat, this enhanced NO release could work
synergistically with NIR laser controlled photothermal therapy. The combined effect of
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temperature + pH led to the maximum release of 22.5 uyM. It was 8.3 times more than the
amount that could be released in normal conditions. The same set of experiments were
repeated with nanochains built using PB-SNP particles. The assembly formation included some
dilution steps therefore the amount of total NO in the starting sample is lower than the ones
discussed above. The effect of temperature and heat were studied and the amount of NO
released was detected using the Griess assay kit (results in annex 6.4.2). No nitrite was formed
when the assemblies were set at room temperature, and heating to 70°C led to the detection
of 1.46 uM nitric oxide. Incubation of sample in acidic buffer, at room temperature indicated
only a small release of 0.76 uM. But surprisingly, the combined effect of pH 5 and heating led
to an 11-fold increase in the amount of NO expelled from the nanochains. These set of
experiments need to be repeated in the following weeks, under optimal conditions to make a
definitive statement.

As far as we know, this is the first time self-standing, NO-conjugated sub-10 nm PB
nanoparticles have been prepared. The synthesis method followed was green and did not
involve the use of surfactants or harsh chemicals. These newly developed particles have
versatile applications and stimuli responsive NO delivery could be achieved. It can work as an
effective anticancer agent, by overcoming multi-drug resistances and combining radio-
sensitization with photothermal therapy. Assemblies of these PB-SNP nanoparticles could also
be synthesized to ensure longer blood circulation time and possibly encapsulate drugs for
chemotherapy. Preliminary investigations reveal that these nanochains could also release NO
upon exposure to acidic pH and high temperature. Further experiments are required to
evaluate the effect of NIR laser and quantify the exact release percentages of nitric oxide from
these nano-assemblies.

DIAGNOSTIC APPLICATIONS

Diagnosis is a pre-requisite for determining the course of action or treatment strategy for any
ailment or disease. Magnetic resonance imaging is one of the most commonly used test to
diagnose medical conditions. It is a safe, painless and non-invasive method to generate high
resolution images of certain regions in the body. In case of cancer patients, apart from
detecting the presence of tumours, MRI helps monitor its growth and provides information on
the performance of a therapeutic strategy applied. Therefore, it is a useful routine tool in
monitoring treatments. Contrast agents (CA) are used to improve the sensitivity of this
diagnostic method and the working principle was described in chapter 1. Prussian Blue has a
unique porous structure, containing water molecules bound to the paramagnetic Fe** ions.
The inner and outer sphere relaxation pathways help PB generate a positive T; contrast.
However, the relaxivities of pure PB nanoparticles are lower than the commercially used CAs
that are made of highly paramagnetic Gd** ion complexes. Most of the commonly used
methods to improve the ry and r, of PB systems have been discussed in section 1.3.4. Most of
them involve doping with high spin manganese(ll), zinc(ll) or gadolinium(lll) ions. The effect of
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constructing assemblies of PB with an iron-gallic acid polymeric network was explored in this
project. The experiments were conducted during a stay at Université de Mons, Belgium in
collaboration with Prof. Sophie Laurent and PhD student Thomas Gevart.

Prussian Blue system for MRI

Evaluation of the efficiency of Prussian Blue nanoparticles and their assemblies as MRI contrast
agents were conducted using Minispec Bruker instruments operating at 20 MHz and 60 MHz.
Both the solutions were prepared using the synthesis method outlined earlier. The total
amount of accessible paramagnetic ions in the sample is the deciding factor for MRI contrast.
PB nanoparticle dispersions were concentrated using ultra-filtration and the exact
concentration was verified by comparing the absorbance to a calibration curve. Prussian Blue
solution containing [Fe]=1 mM was prepared. In the case of PB FeGA-CD citrate assemblies,
the process is slightly more complicated. The PB content could be determined, but 2 more
equivalents of ferric ion solution is added together with the gallic acid to create the assemblies.
We also know that a part of this excess FeGA complex is removed during the ultra-filtration
and washing steps. By preparing an PB- gallium GA analogue of the assemblies and
conducting EDS studies it was determined that only 1.5 equivalents of the complex is retained
in the final washed sample (chapter 3, section 3.2.2.6). Applying the same principle here, the
polymer coated assembly solution was also concentrated to reach a total [Fe]= 1.16 mM (exact
to be determined by ICP studies). It has to be noted that only 40% of this total iron content can
be attributed to the PB nanoparticle and the remaining comes from the FeGA complex network
linking the particles together.

Each solution was then diluted to obtain a range of concentrations. The samples were
transferred to a glass tube and placed in thermo dri-block to bring the temperature to 37°C.
Once the samples were optimized, the longitudinal (T1) and transverse (T) relaxation times at
20 MHz and Ty at 60 MHz were recorded using the table-top TD-NMR system. Each
measurement was recorded thrice to ensure minimal error. The average values were used for
the inverse of relaxation time vs concentration plots after removing the contribution rising
from water (1/T1,water = 0.2826 ms™") . The relaxivity values at each frequency, for Prussian Blue
nanoparticles and its FeGA containing assemblies were obtained from the slope of linearly fit
curve. The plots are presented in Figure 130 and results are discussed below.
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Figure 128. Variation of the inverse of longitudinal relaxation times as a function of [Fe]
concentration at 20 MHz (dashed line) and 60 MHz (dotted line) for (a) PB nanoparticles and (b)
PB FeGA-CD citrate assemblies

Table 7. Longitudinal (ri) and transverse relaxivities (rz) in mM's" of PB nanoparticles and

assembly at 20 MHz, 37°C and longitudinal relaxivity at 60 MHz, 37°C.

Sample 20 MHz 60 MHz
r r r2/r I
PB nanoparticles 0.755 0.862 1.142 0.528

PB FeGA-CD citrate  0.725 0.922 1.271 0.618
assembly

The calculated relaxivities do not show a significant difference between the activity of PB
nanoparticles and their assemblies, as they are both around 0.7 mM™s™ at 20 MHz (0.47 T).
However, it is to be noted that the total paramagnetic ions (Fe**) concentration in the sample
had been considered for the calculations. The PB nanoparticles only make up 40% of the Fe in
the assembly. Therefore, theoretically the rivalue should have been significantly lower than
that observed for the nanoparticles. Moreover, it can be assumed that building elongated
chains of these nanoparticles would decrease the number of ferric ions available at the surface.
As compared to the bare nanoparticles, some of the surface Fe(lll) ions are linked to gallate
complexes, thereby leading to lesser exchangeable water molecules at the surface. However,
despite these factors the longitudinal relaxation times observed with the assembly was similar
to those of single particles. This indicates that the iron-gallate complex used to create the
assemblies positively contributes to its activity. The polymeric network formed using the
carboxylate and hydroxyl groups of gallic acid with Fe**, also contain water molecules that are
active and exchangeable. This additional interaction with protons from water helps in
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providing a quicker relaxation pathway. The ry/rq value is lower than 2, proving that the PB
assemblies could behave as good T1 agents and provide a positive contrast enhancement to
the T1-weighted MRI. It was also observed that the assemblies perform even better than the
individual nanoparticles at higher frequencies as the ry value was 0.6 mM™'s™" at 60 MHz (1.5
T) as opposed to 0.5 mM's™" obtained for PB Nps. It means that FeGA complex covering the
nanoparticle surface generates a stronger effect at high fields.

T1 weighted-contrast was measured on all samples. The phantom images were recorded using
solutions containing different concentrations of Prussian Blue nanoparticles and was
compared to the PB-FeGA assemblies. The Ti-weighted phantoms were recorded at 1T with a
recovery time (TR) of 100 ms. TR corresponds to the time between two consecutive
radiofrequency pulses. Water was studied simultaneously as a blank to understand the degree
of contrast obtained with the samples.

Water PB assembly CD-citrate PB PB PB
[0.4 mM] + [0.6 mM] FeGA  [0.5 mM] [0.8 mM] [1.0 mM]

Figure 129. T; weighted MRI contrast phantom images of PB assemblies and nanoparticles with
corresponding Fe’*concentrations, obtained at 1T.

The images reveal that the PB-FeGA nanoassembly built using iron-gallate polymeric network
could act as an efficient diagnostic agent as it enhances the T contrast to a large extent when
compared to pure water. On comparing to a similar concentration of PB nanoparticles (~0.5
mM), the assemblies displays a much higher contrast. Furthermore, considering the total Fe
content of the newly synthesized chains (1 mM Fe), the contrast obtained is much brighter
than 1TmM suspension of PB nanoparticle suspension. The improvement is evident in the
phantom images (Fig.131). It proves that the iron-gallate network, instead of hindering the
relaxation rates of the ultra-small Prussian Blue nanoparticles, adds on to it and positively
enhances it.

Gd-Prussian Blue system

Most commercial contrast agents used for clinical MRI contain gadolinium (Gd**). These
paramagnetic ions have 7 unpaired electrons and are therefore able to generate the highest
contrast for medical applications. Gd** is usually strongly chelated to different types of linear
or macrocyclic ligands to limit its leaching or interaction with other ions present in the human
body, and reduce adverse effects. These complexes are marketed under brand names of
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Magnevist, Dotarem, MultiHance, ProHance, Omniscan etc. The use of some of these CAs are
restricted or suspended in the EU due to high risk of potentially fatal nephrogenic systemic
fibrosis.?® Therefore, there is a need for renally-clearable and high performance MRI contrast
agents and Gd-Prussian Blue nanoparticles provide a safe alternative with added therapeutic
benefits.

The 5% Gd-doped PB showing remarkable relaxivity values were developed by Dr. L.Fetiveau
during her PhD thesis in our group.'”” Controlled assemblies of these ultra-small nanoparticles
were synthesized using the method described in Chapter 3. Similar to the PB system discussed
above, the nanoparticle solution was concentrated to reach a concentration of [Fe]=1 mM.
Considering 1% of the gadolinium is lost during UF and washing steps, the concentration of
[Gd] in the concentrated sample is 0.04 mM (ICP is under progress to check this hypothesis).
The GdPB FeGA-CD citrate nanoassembly was also concentrated using ultra-filtration to lead
to a total [Fe] of T mM (exact to be determined by ICP), out of which only 40 % is composed of
Gd-PB nanoparticles. Therefore, Gd content in the most concentrated assembly solution was
only 0.016 mM. The relaxation time measurements with various degrees of dilutions were
repeated for all Gd containing samples at 20 and 60 MHz in 37°C temperature. The plots and
results are tabulated below.
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Figure 130. Variation of inverse of longitudinal relaxation time as a function of (a) iron and (b)
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gadolinium concentration in Gd-PB nanoparticle solutions, recorded at 37°C. (c) NMRD profiles
showing evolution of relaxivity with respect to frequencies for 5 and 10 % Gd doped PB (Fe'Fe)
and PB analogue (In"Fe) from the doctoral thesis of L.Fetiveau."”’

Experimentally, it was clearly observed that the relaxation time with Gd doped PB (1 mM at
485 ms) nanoparticles were much shorter than its pure PB (953 ms) counterpart. The plots
shown in Figure 132, prove that introducing a small percentage of paramagnetic ions into the
structure significantly increases the relaxivity values to 43.7 mM's” per Gd ion. Considering
only the iron content in the nanoparticle, r1 of 1.89 mM™'s™ could be obtained at 60 MHz and
it is slightly lower at 20 MHz frequency. This trend is characteristic of the influence of
gadolinium ions. NMRD profiles recorded with comparable samples show a similar trait of
increase in ri per Gd in the 10-100 MHz region due to the effect of long rotational correlation
time. Therefore, increasing the field strength should improve the relaxivity, and
consequentially the MRI contrast for these gadolinium containing CAs. Assemblies synthesized
using Gd-doped PB were treated similarly. However, as explained above adding 2 volume
equivalents of other reagents into the pre-formed Gd-PB nanoparticles, reduces the overall
effect of gadolinium ions in the chains. Instead of 5 % of the total sample, Gd content is
effectively reduced to just 1.6 % which is once again diluted by the polymer addition step.
Therefore, the concentration of Gd is quite low in the final assembly sample studied. However,
the influence of its slight presence could be observed as the relaxivity plots in Figure 133 show
significant improvement compared to PB-FeGA assemblies.
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Figure 131. Effect of presence of Gd ions on the longitudinal relaxivities in PB FeGA-CD citrate
assemblies at (a) 20 MHz and (b) 60 MHz.

The apparent longitudinal and transverse relaxivities of the Gd containing nanoparticles and
assemblies created using iron-gallate are summarized in Table 8. The average r./r of the
assembly is 1.225 and that of the Gd-PB individual nanoparticles is 1.133. The values are lower
than 2, indicating that both these nanostructures could act as T4 contrast agents and provide
a bright contrast in magnetic resonance imaging. The longitudinal relaxivity per Gd** ion in
the assemblies reaches unprecedentedly high value of 74 mM's™'. However, this has been
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calculated by ignoring the contribution coming from Fe** ions and is therefore over-estimated.
The exact ion concentrations will be determined using ICP studies.

Table 8. Summary of longitudinal (r;) and transverse (r) relaxivities in mM's”, per Fe ion
measured for Gd-PB nanopatrticles and assemblies, at 20 and 60 MHz in 37°C

Sample 20 MHz 60 MHz
r r r2/r r1 per Gd r
GdPB nanoparticles 1.750 1.982 1.133 43.76* 1.893

GdPB FeGA-CD 1.190 1.457 1.225 74.43% 1.082
citrate assembly

The phantom images of Gd-PB nanoparticles at different concentrations and the synthesized
assemblies were recorded at 1T. The samples were studied alongside the most commonly used
commercial contrast agent, Gd-DOTA (Dotarem) at 0.05 mM concentration. The images prove
that the ultra-small gadolinium doped PB nanoparticles are very efficient T1 contrast agent.
The performance of the Gd-PB is distinctly better than Gd-DOTA having the same amount of
Gd*" ions. Therefore, these particles can work effectively at low concentrations, minimizing the
adverse effects. As expected, the PB FeGA assembly has the lowest contrast, since its Gd
content is zero. Interestingly, Gd containing Prussian Blue assembly provides a brighter and
improved contrast even when compared to single particles containing higher [Gd] (0.025 mM).

Water PB assembly Gd-PB assembly Gd-PB Gd- PB Gd-PB Gd-DOTA
[0.016 mM] [0.025 mM] [0.04 mM] [0.05 mM] [0.05 mM]

Figure 132. T1 weighted MRI contrast phantom images of Gd-PB assemblies and nanopatrticles
with corresponding [Gd®*] concentrations, obtained at 1T compared to Gd-DOTA

This once again proves that building assemblies of these ultra-small nanoparticles is
advantageous and the type of linker used plays a very important role. Since the polymeric
network that supports the chain formation of PB/Gd-PB nanoparticles, was created using
active, paramagnetic Fe** ions coordinated with gallic acid, the resultant structure benefits
from improved relaxivities, which in turn brightens the contrast in MRI. By considering that the
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4.8

relaxivities observed with the assembly samples is an additive result of its individual
components, the contribution of FeGA network could be roughly quantified using the
following equation:

r1reca = (r,pereca [T.F€] - r1ps [PB] )/ [FeGA]

Here, [PB] refers to the Fe** concentration in Prussian Blue nanoparticle solution, [FeGA] is the
added iron content, remaining in the assemblies after UF and washing steps and [T.Fe] is the
total sum of iron present in the sample. The values calculated at different frequencies are
reported below and was verified using the experimental values obtained with Gd-PB system.

Table 9. Summary of experimentally determined longitudinal relaxivities of nanoparticles and
assemblies and the calculated values for FeGA complex at different frequencies.

Sample rl 20 MHz r160 MHz Sample rl 20 MHz r160 MHz

PB (exp.) 0.755 0.528 Gd-PB (exp.)  1.750 1.893

PB FeGA (exp.) 0.725 0.618 Gd-PB FeGA  1.190 1.082
(exp.)

FeGA complex 0.705 0.678 Gd-PB FeGA  1.12 1.16

(calc.)* (calc.)*

Calculations revealed that the FeGA polymeric network constructing the PB nanochains have
longitudinal relaxivity values of 0.678 mM's™ at 60 MHz and 0.705 mM's™ at 20 MHz at 37°C.
The substitution of these values into the equation for Gd-PB FeGA using known r; values of
Gd-PB at both frequencies generated values that were close to the experimentally determined
ones. In this way, the contribution coming from each of the components in our nanosystem
was accounted for.

CONCLUSIONS

This chapter highlighted the various possible bio-medical applications of the novel
nanostructures created using Prussian Blue nanoparticles. The poly-CD-citrate coated
assemblies are capable of carrying a high payload of positively charged doxorubicin and
delivering it efficiently to acidic tumoral sites. The release of Dox in physiological pH was
minimal, pointing to low non-specific release in neutral healthy environment. The electrostatic
interactions and inclusion-complex formations between the chain and the drug molecules
were responsible for high encapsulation (94%) values. In order to understand the effect of each
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of these factors separately and extend the applications further, loading of a neutral anti-cancer
drug was also attempted. 5-Fluorouracil used to treat pancreatic cancers was chosen as the
model drug. However, its characteristic band in the UV region was overlaid by the signals
coming from various components of our assembly. HPLC separation was necessary for
accurate determination of its loading within PB-FeGA. Since it was not available, other routes
were applied to make the nanoparticle assemblies more functional.

Loading of other neutral molecules, like 7-hydroxy coumarin was attempted. Since it is a
fluorescent molecule like doxorubicin, its encapsulation could be followed using fluorimetry.
Various sets of experiments revealed that this substituted coumarin could also be effectively
loaded onto the PB nanochains with a 45 % encapsulation efficiency. This is an indirect
indication that other neutral molecules could also be effectively loaded onto the PB
nanochains. Unfortunately, a burst release of ~29% of the loaded dye occurs within a short
time in neutral pH. Therefore, this fluorescent system could not be used for in vivo tracking
and understanding the bio-distribution of our nano-assemblies. Other routes have to be
explored. A pre-loading of 10% of coumarin prior to the addition of the polymer could favour
the formation of H-bonds with the CN groups and increase the stability. Conjugation using
cyanin dyes (ICG) are planned for the future to detect the nano-assembilies in vivo and evaluate
their biodistribution.

Confocal microscopy studies proved that doxorubicin loaded in the assemblies were
internalized more inside cells as compared to free doxorubicin in solution. Cell-colony assays
were conducted which demonstrated that the PB FeGA assembilies by itself are very safe and
non-toxic, even at significantly high concentrations. However, doxorubicin loaded nanoparticle
chains can efficiently kill cancerous cells. Photo-thermal conversion of the nanoparticles in
response to near infra-red light radiation was also studied. The therapeutic activity of PB is
improved upon creating assemblies as the same concentrations lead to higher temperatures.
The performance remains constant over multiple cycles, even in simulated physiological
environments. In addition to killing cancerous tissues with the heat generated, the amount of
drug released from the system could be amplified using this laser triggered rise in temperature.
Therefore, the PB FeGA nanochains can achieve synergistic photothermal and chemotherapy
which can lead to complete elimination of tumours. Novel sub-10 nm PB particles containing
nitric oxide were also synthesized during this doctoral thesis, in a green synthetic procedure.
These nanoparticles release NO gas upon heating, which was verified using a Griess assay. NO
release can lead to tumour growth inhibition and sensitization of cancerous tissues towards
radiation therapy. This adds another therapeutic perspective to these versatile nanoparticles.
Chains of these PB-NO particles could also be created, further diversifying our nanosystem.

Lastly, the diagnostic applications of the PB FeGA-CD citrate assemblies were investigated
using relaxivity measurements. Instead of reducing the overall activity due to change in
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nanoparticle alignment and concentration, the building of assemblies provide a positive
enhancement to the observed T contrast. The results showed that the PB and Gd-PB
nanochains provide a brighter contrast in phantom images as compared to the respective
concentrations in individual self-standing particles. Clinical MRl machines usually operate at
1.5 or 3T and as seen with the relaxivity values, the PB FeGA assemblies perform better than
bare PB nanoparticles at high fields. This is because FeGA complex network was used to form
the assemblies. The water molecules coordinated to the paramagnetic Fe** are responsible for
this effect and its contribution was calculated. Liu et. al had reported that renally-clearable,
PVP supported iron-gallic acid nanodots could behave as efficient MRI contrast agents.'" Their
nanoparticles exhibited higher relaxivities and better contrast at acidic pH as compared to
neutral environment. It was attributed to the dissociation of Fe**-GA complex from tris-
coordination to bis-coordination under mildly acidic conditions. It was suggested that this
reduction in the coordination number enhances the quantity and mobility of the water
coordinated to the paramagnetic Fe center, thereby improving the relaxivity.”" This property
is beneficial for tumour detection and occurrence of such a phenomenon is also possible using
our PB-FeGA nanosystem. Therefore, in principle the contrast obtained in phantom images
could be further improved.

Additionally, preliminary studies show that the enhanced absorption of PB FeGA assemblies in
the visible-NIR region could be translated to photoacoustic signal and which can contribute
to PAI (annex 6.4.3). In conclusion, it can be said that a stimuli-responsive, activatable assembly
of ultra-small nanoparticles was created in this doctoral project. It is an effective theranostic
agent that combines disease diagnosis using magnetic resonance imaging, NIR activated
photothermal therapy and NO gas release, together with chemotherapeutic drug delivery to
target sites. Tracking of these PB nanochains in-vivo using ICG, a fluorescent molecule, has
been planned. Bio-distribution studies in mice need to be conducted. Dis-assembling of the
iron-gallate network and renal clearance of the ultra-small PB nanoparticles need to be
investigated.
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CONCLUSIONS AND PERSPECTIVES

The work done in this thesis project has been focussed on adding new therapeutic and
theranostic modalities to ultra-small PB-like nanoparticles while maintaining a green synthetic
pathway. It can be broadly divided into three main sections. The first part was dedicated to
creating new analogues of Prussian Blue by substituting one or both of the ions with a heavy
metal ion. This was done to incorporate a never before explored radiation therapy perspective
into PB. It is known that when high energy radiation interact with high-Z elements a cascade
of Auger electrons are generated. These are responsible for radiolysis of water and help form
reactive oxygen species (ROS) that can kill cancer cells in their vicinity. Three individualized
and self-standing PBA nanoparticles containing gold, iron and platinum in different
combinations were produced in water. The synthesis and complete characterization of these
novel compounds are reported in Chapter Il. These solutions called cyanosols were synthesized
in an easily scalable, green manner, in the absence of surfactants and reducing agents, in a
cost-effective method. The nanoparticles obtained were homogenous and remained stable in
water without any aggregation or deposition, over long periods of time.

By optimizing the experimental conditions, ~30 nm long, rice-grain shaped gold nanorods
with tapered ends were obtained. This unique nanostructure is made up of AUCN nanocrystal
while the surface was decorated with 1 nm, spherical Pt"-containing cyanosol nanoparticles.
Such bi-metallic gold-platinum alloy nanoparticles with Au' and Pt" has never been described
before in the literature. The regular periodic decoration of the AuCN nanostructure with Pt(Il)
has to be understood. Unfortunately, no photoluminescence was observed. Spherical 5 nm
platinum hexacyanoferrate (FePt) and 1-2 nm platinum tetracyanoplatinate (PtPt)
nanoparticles were also developed during this thesis. These porous nanoparticles containing
Fe" and Pt"ions are extremely stable in water as well as physiological media. Importantly, they
could be post-coated with different polymers depending on the requirements. Here, the
polymer polyvinyl pyrrolidone was used to cover the surface of these nanoparticles to avoid
any quenching of radicals formed under irradiation, which was previously observed with
dextran. Fetal bovine serum and artificial lysosomal fluid were used to mimic biological
conditions and even with the introduction to such media and exposure to 37°C for 6-15 hours,
the UV-Vis signatures of FePt and PtPt remain intact. When subjected to a y-radiation dose of
4000 Gy, there was an appearance of a SPR band at 540 nm, in case of AuPt cyanosol which is
characteristic to pure gold nanoparticles. Therefore, a small proportion of Au' in the
nanoparticles underwent reduction under this large dose. However, no significant changes
appeared in case of FePt and PtPt nanoparticles providing further indication that they could
be used for radio-therapy purposes.
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Effect of their presence on biomolecules were studied using plasmids as a nanoprobe. Its
double-stranded structure is considered similar to DNA and is generally used to understand
its behaviour on exposure to high-energy beams. A significant enhancement in the instigation
of lethal, irreparable DSBs were observed upon combining these porous Pt'-containing
nanoparticles with plasmids before y-irradiation. The experiments help provide an
understanding of the molecular mechanisms behind radiation induced damages. Then, in
cellulo experiments were conducted. FePt and PtPt cyanometallate nanoparticles appear non-
toxic to biologically relevant, healthy, primary fibroblast cells. They are also safe towards
cervical cancer cells (HelLa) upto a total metal concentration of 2.5x10“ mol.L". These cells
incubated with nanoparticles were irradiated using a Cs-137 source, in order to verify if the
radiation response obtained with plasmids could be translated to cells. The survival fractions
obtained as a function of dose supplied, demonstrated that both the nanoparticles
significantly amplify the death of cancer cells when compared to the control experiment.
Interestingly, it could be seen that sub-lethal lesions are predominant and add up to generate
an overall lethal consequence. This is an uncommon phenomenon and maybe the result of the
porosity of our nanoparticles. The water coordinated to the surface as well as the ones in the
cyano-bridged metallic network are available for conversion to ROS. It is hypothesized that
they could disperse and diffuse farther through the porous system as compared to a dense
metallic particles. Therefore, the damages are more spread out and the additive lesions cause
cell death, improving the therapeutic index. The uptake of nanoparticles within cells is currently
being analysed using ICP measurements. The chemical design of these Prussian Blue
analogues allow for easy modification of the structure through coordination networks. MRI
contrast studies with FePt nanoparticles are being planned. Gadolinium or manganese ions
could also be doped on the surface of these nanoparticles to improve the diagnostic
perspective. Additionally, PtPt nanoparticles are made of 2 D sheets with close Pt-Pt intersheet
distances that explain the blue photo-luminescence observed. It is very rare to obtain
luminescence in PB analogues and this result appears very promising. It could aid in tracking
the ultra-small nanoparticles in vivo and help follow their biodistribution.

In continuation to this work, fluorescence imaging studies will be conducted in cellulo at ISMO
to study the localisation and degradation of the PtPt particles. A deeper study of the
photoluminescence properties (quantum yield, lifetime) as well as the investigation of the
polymer coating nature to tune the emission are planned. Any core-shell strategy favouring
shorter PtPt distances between the 2D planes could shift the emission towards NIR. Also X-
Ray computed tomography could also be envisaged with these nanoagents. Synergistic effect
of chemotherapy and radiation treatment for cancer could be combined by the interaction of
the nanoparticles with doxorubicin as observed on some MOFs@dox systems.?*® Regarding
the FePt particles, an interesting strategy would be to grow a PB shell of 1 nm that would be
strongly influenced by the presence of FePt. This would lead to : i) some T1 contrast for MRI
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due to the presence of Fe(lll) ions at the surface ii) the shift towards 800 nm that would provide
enhanced PTT efficiency or PAl imaging.

The second area of focus of this thesis project was building assemblies of ultra-small
theranostic nanoparticles in order to overcome a major obstacle in their use in medicine. Large
nanoparticles (>10 nm) cannot be renally cleared out, so accumulation and possible side-
effects are common concerns, while sub-10 nm particles are prematurely eliminated from the
body lowering its therapeutic activity. In order to obtain a safe, multifunctional and efficient
theranostic agent formation of activatable assemblies of ~5 nm PB particles was attempted. It
was challenging to obtain homogenous assemblies while trying to maintain a green synthetic
pathway. We have shown here for the first time that a metal phenolic network (MPN) built
using iron and gallic acid can self-assemble charged ultra-small, PB nanoparticles into
controlled 1-dimensional nanochains. This could be done in water, without the use of
surfactants, at room temperature. The formed assemblies were stable and improved the optical
properties compared to single, individual nanoparticles. The nanochains could be post-coated
with different polymers like PVP, dextran, and poly y-Cyclodextrin citrate and its complete
characterization is reported in chapter 3.

The mechanism of formation of these assemblies was investigated. Since changing the ion
introduced during synthesis to sodium/ calcium (Na*/Ca®") does not lead to formation of
similar assemblies, it can be said that the p-oxo bridged polymeric Fe**-gallic acid network
species is necessary for linking the individual Fe-rich PB nanoparticles. It was observed that
substitution with similar gallium ions (Ga**) could lead to nanochain formation, although it
was less controlled. This work sheds light on the possibility of interesting features that could
be developed with focus on Ga**-gallic acid complexes and their formation of metal phenolic
networks. It is hypothesized that similarly to charged gold NPs, once a dimer of two PB NPs
(linked through FeGA) are formed, the electrostatic double layer rearranges to form a uniform
layer covering the surface. Then the other NPs in the vicinity preferentially attach to the ends
of the dimer, in order to minimize the electrostatic repulsions between the negatively charged
particles and this might be the reason of formation of elongated PB FeGA nanochains. In situ
experiments by DLS and UV-visible spectroscopy during the formation are needed to ascertain
the formation mechanism. Other polyphenols could also act as PB linkers and help form similar
nanostructures. The variation with ellagic acid in water-ethanol mixture with Fe3*, Na* and Ca
2*jons leading to size-tuneable assemblies have been described in this thesis. 1D nanochains
could also be formed using other ultra-small nanoparticles. 5% Gd-doped PB, sodium
nitroprusside linked PB and FePt cyanosol, display interesting results that open a wide array of
possibilities for future studies.

The last section of this thesis was devoted to evaluation of the theranostic efficiency of PB-
based nanochains. Drug loading experiments revealed that there was a marked increase in the

171



overall stability of the nano-system on assembling the nanoparticles. Additionally, the coating
with poly-Cyclodextrin (CD) citrate polymer enhances the encapsulation efficiency (~85%
within 1 hour incubation) and stabilizes the PB FeGA system to withstand a higher amount of
oppositely charged anti-cancer drug molecules. This is the first time such high encapsulation
of doxorubicin has been reported in ultra-small PB systems.

Experiments in physiological media made it clear that almost 50% of the encapsulated drug
could be released within one hour in simulated acidic environment of the tumour, while only
a small amount escapes from the system even on prolonged exposure to neutral, healthy
cellular pH. It could also be seen that a rise in local temperature would increase the amount of
drug released in the area of focus. Since PB nanoparticles have photo-thermal conversion
capability this temperature rise could easily be attained. Near infrared laser radiation tests
revealed that the PB FeGA assemblies behave as better PTT agents when compared to the
starting PB ultra-small particles. Therefore, synergistic photo-thermal and chemotherapy could
lead to effective cancer cell killing using these novel, drug-loaded PB nanochains. In-vitro
experiments conducted showcased the safety and non-toxicity of the nanochains towards
cells, while the doxorubicin-loaded PB FeGA were efficient in killing the cancer cells. The
internalisation of the drug was visualized through confocal microscopy studies, and confirmed
the drug delivery ability under acidic pH once in lysosomes.

Diversification of the nanochains with nitric oxide (NO) containing ultra-small nanoparticles
led to interesting results and added functionalities. NO, a tumour growth inhibitor and radio-
sensitizing gas could be released from the nanoparticles on heating. So apart from being a
drug delivery vehicle, this nanostructure is also a carrier for NO, which can be released with
NIR radiation and work together with photo-thermal therapy. The results of these positive
preliminary experiments would be reproduced in the coming months before moving to in-
vitro tests.

In order to have an idea of the diagnostic capabilities of the nanochains, relaxivity studies were
performed in Mons, Belgium. Pure PB and Gd-PB single nanoparticles and their respective
assemblies were evaluated. Since FeGA complexes were used to create the PB assembly, they
positively enhance the T1 weighted MRI contrast of both assemblies. Therefore, not only has
the overall therapeutic index of ultra-small PB NPs improved, but the assembly formation
proves beneficial for diagnosis as well. We need to verify if the MRI contrast could be further
increased in acidic pH, possibly making it more sensitive for tumour detection. This is
suggested because theoretically a lower pH, could disassemble the Fe®'-GA complex,
increasing the water mobility and thereby the total relaxivity. Breaking the nanostructure into
its composite single particles and renal clearance studies need to be performed. Tracking the
PB nanochains using indocyanine green and in-vivo biodistribution studies have been planned
for the coming months. Depending on these results, post-coating with designed polymers to
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avoid liver capture or specifically targeting tumours could be done in collaboration with expert
groups in the field. A better control over the length of the nanochain is still needed and
microfluidics may be helpful in this direction.

In a nutshell, this new family of self-assembled nanochains of ultrasmall particles appear
promising for several types of theranostic applications.
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ANNEX

6.1.2

CHARACTERIZATION TECHNIQUES
Dynamic light scattering and zeta potential measurements

The solution was illuminated with laser beam and the light scattered back from the sample
was used to determine the average hydrodynamic diameter of the nanoparticles. The size
distribution data provided information on the homogeneity and regular analysis of the sample
provided a clear idea on its evolution with time. Malvern Zetasizer with 173° backscattering
mode instrument was used for DLS measurements. Zeta potential is a consequence of
existence of charge on the surface of particles and this could also be measured using Zetasizer
instrument. The surface charge of nanoparticles is an important parameter that determines the
interactions between them and is a measure of stability of the suspension. A combination of
electrophoresis and laser doppler velocimetry using scattered light, is used to determine the
zeta potential spectrum of nanoparticles.?®’ This type of measurement requires approximately
1 mL of sample.

Figure 133. Working principle of dynamic light scattering

Nanoparticle Tracking Analysis

NTA uses principles of light scattering and Brownian motion to estimate the size of
nanoparticles in liquid suspension. The solution is injected into the sample chamber and
illuminated by a laser beam. The scattered light is collected by a microscope and viewed using
a digital camera in real-time. The size-distribution and concentration of particles in solution
could be obtained using NTA.?®® Malvern Nanosight was used to perform these studies in
ISMO, Université Paris Saclay and Université de Paris.
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Metalized surface

Figure 134. Working principle of nanoparticle tracking analysis.

6.1.3 Transmission electron microscopy

Transmission electron microscopy uses a beam of electrons emitted from a tungsten source
and accelerates it through an electromagnetic field. This electron beam passes through the
sample on the grid and depending on density, atomic number and other properties of the
analysed material, a contrasted image is generated using a charge-coupled device (CCD).
26°TEM images reported in the thesis were using JEOL microscopes (80 and 120 kV) at the
institute for integrative biology of the cell (I2BC) laboratory in CNRS, Gif-sur-Yvette, France.
Formvar-coated copper grids from Agar Scientific were used. The grids were made hydrophilic
using glow discharge technique (PELCO easyGLow), prior to deposition of 100 L of diluted
sample.
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Figure 135. Setup of transmission electron microscope and scheme of image formation®®
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6.1.4

6.1.5

6.1.6

STEM-EELS

In scanning transmission electron microscopy, the electron beam is focussed on a specific spot
of the sample and then pixel by pixel scan is performed. The detector collects the transmitted
electrons and sample could be visualized. STEM coupled with electron energy loss
spectroscopy (EELS) is performed by characterizing the transmitted electrons using a magnetic
prism. Chemical properties of thin samples deposited on a grid can be analysed using STEM-
EELS. The experiments were conducted by Alexander Gloter in LPS, Université Paris Saclay.

STEM STEM-EELS

Figure 136. Scheme of STEM and STEM-EELS experiments.**®

Infrared spectroscopy

IR spectroscopy helped identify the bonds present in the compound. The nanoparticle samples
were prepared in powder form after centrifugation and vacuum drying. 1 mg of sample is
ground into a fine powder with 99 mg of KBr (transparent in the IR) and made into a pellet.
Perkin Elmer Fourier-Transform infrared spectrometer was used and each sample spectra was
recorded between 200 cm™ and 4000 cm™.

Energy Dispersive Spectroscopy

EDS spectra was recorded to detect the amount of each element (K, Cl, Pt, Fe, Au) present in
the samples. A X-ray beam is passed through the sample. This causes an ejection of core
electrons from the material and the hole created is filled by an electron from higher energy
layer. Energy released during this relaxation process is characteristic to elements of the
periodic table. The composite material as well as the proportion they are present in can be
identified in this manner.?’° These studied were conducted by Francois Brisset at ICMMO,
Université Paris-Saclay.
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6.1.7
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Figure 137. Schematic representation of core electron ejection and subsequent relaxation
processes "

X-ray Photoelectron Spectroscopy

In this method, x-rays (photons) are focussed on the sample. The energy is absorbed and
electrons from the sample are ejected with a certain kinetic energy (KE). Depending on the
energy, electrons follow different paths and this is analyzed by the detector. The binding
energy of elements present in the sample is determined using incident photon energy and KE
of ejected electrons.?”! This provides information about the composition of the sample and
the oxidation state of metals present. The measurements were performed by Diana Dragoe at
ICMMO, Université Paris Saclay.
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Figure 138. Diagram depicting instrumentation of X-ray photoelectron spectrometer.?’’
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6.2 CHAPTER?2
6.2.1 HR-TEM AuPt

Results of high-resolution TEM studies conducted on AuPt cyanosol by Alexander Gloter, LPS.
The AuCN nanorods with ordered striations and 1 nm particle decorated surface is seen. The
rods could be indexed with a and b distances of P6mm.

Figure 139. HR TEM images of AuPt nanorods.
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6.2.2 UV-Visible spectroscopic studies

1200 +
=0
=5 min

=10 min

15 min

1000-\

=30 min

t=1h

Fe'-CN-Fo'"

200

04 v T T T T T T 1
300 400 500 600 700 800 900 1000
Lonqueur d'onde (nm)

Figure 140. UV-Visible spectra during the formation of Fe"Pt" nanoparticles at 55°C using 10
mM of precursors®®!

Ultrafiltration of the FePt cyanosol was done after polymer addition. So, most of the free Fe''-

CN pairs are removed from the solution leading to UV-Visible plot shown in chapter 2, Fig.49.
However some of the ferricyanide pairs formed during the synthesis could be trapped with the
PVP polymer, causing the re-appearance of the band on exposure to fetal bovine serum (Fig.
56 (a).

6.2.3 Infra-red spectroscopy

The IR spectra of precursors: potassium ferrocyanide and potassium tetracyanoplatinate is
reported in Figure 3, for reference.
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Figure 141. Infrared spectra of FePt and PtPt cyanosol nanopatrticles and their respective
precursors
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6.2.4 X-ray Photoelectron spectroscopy
Comparison to available literature and recording spectra of reference compounds were used

to assign the oxidation state of metals in the final cyanosol sample.
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Figure 142. XPS spectra of potassium tetracyanoplatinate (Il) precursor
Table 10. Results of XPS analysis on powdered cyanosol nanopatrticles
Sample name Pt 4f region Metal (Fe | C 1s region N 1s region
and Au)
K2[Pt(CN)4] 73.9,77.2 285.7 398.7
PtPt cyanosol 73.8,77.1 284.7, 397.8,399.3,
285.9,287.6 402.4
AuPt cyanosol 73.8,77.0 85.1, 88.8 | 284.9,285.9, 399.7,401.3
287.6
FePt cyanosol 73.5,76.8eV | 708.3 284.7,285.7, 397.6,398.3,
287.6 399.7

The Pt" peaks are slightly shifted to lower binding energies in the nanoparticle, as compared
to the precursor due to binding through N end to the second metal (Au', Fe" and Pt"). The C
1s spectral region indicated the peak of C bound to N from cyanides in K>[Pt(CN)4], while the
nanoparticle spectra have multiple contributions in the region. Deconvolution of this broad
peak with a shoulder indicate that those peaks arise from C-O, C-C, C-N in the PVP polymer.
Similar effect of N 1s N-C from polymer is visible in the nitrogen edge of the spectra of
cyanosol nanoparticles.
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6.2.5 Stability in physiological media

The AuPt and PtPt cyanosols showed no evolution over 6 hour duration in artificial lysosomal

fluid (ALF). The characteristic peaks (302 and 414 nm of AuPt and 316 nm of PtPt) undergo no
deterioration in this acidic medium.
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Figure 143. UV-Visible spectral evolution of AuPt cyanosol in ALF medium over a course of 6

hours.
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Figure 144. UV-Visible spectral evolution of PtPt cyanosol in ALF over a course of 6 hours.

6.2.6 Radio-enhancing effect of cyanosols on plasmid

The polymer coated solutions were ultra-filtered, washed twice and diluted to reach a total
metal concentration of 4 x10° mol.L"". The amount of each additive in sample preparation
prior to irradiation of plasmids is recorded in Table 2(a). The final concentration of
nanoparticles combined with the plasmid is 5.3 x10® mol.L"". The Co-60 gamma source was
used for radiation, which had a dose rate of 3.96 Gy/min. Depending on the time of radiation,
the dose supplied to each aliquot is recorded in Table 2(b).

Table 11. (a) Preparation of cyanosol solutions with plasmid prior to irradiation and (b) dose
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applied to each aliquot

Sample formulation Control Cyanosols Aliquot  Irradiation Dose
time (min)  applied (Gy)

TE buffer 1x (uL) 123 123

A1 0 0
DNA pBR322(uL) 10 10

A2 8 31.6
NP solution (uL) - 24

A3 16 63.3
H20(ulL) 47 23

Ad 24 95.0
Total Volume(uL) 180 180

A5 32 126.7

A6 40 158.4

The amount of lethal, irreparable double strand breaks obtained in the presence of FePt and
PtPt cyanosol from the fitted-curve is recorded in table 3 and these values were used to
calculate the sensitizing enhancement ratio (SER) reported in chapter 2.

Table 12. Yields of nanosized breaks/plasmid/Gyx 10-3 in the presence of FePt and PtPt cyanosol
compared to the control.

Dose (Gy) Control DSB FePt DSB PtPt DSB

30 124 £ 2.3 16.6 £ 2.8 18.6 £ 8.9
65 311+ 4.6 447 £ 5.7 46.1 £ 17.8
95 55970 84.2 + 85 82.5 + 26.7
125 869 £ 9.3 1352 + 114 127.7 + 356
160 124.2 + 13.8 1975 + 16.8 181.8 + 52.8
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6.2.7 MTT assay

Nanoparticle solutions were lyophilised to powder form and dissolved in 0.5 mL sterile water
to obtain a final metal concentration of 25 mM. The cyanosol solutions were then diluted using
a complete medium to desired concentration (0.1 mM to 1 mM). Depending on the cell line
used, the complete medium varied : RPMI + 10% FBS + 1% P/S for PC3 cells and DMEM +
10% FBS + 1% S/S + 1% L-glu for fibroblast cell line. MTT solution was prepared by dissolving
75 mg of tetrazolium reagent in 15 mL phosphate buffer (PBS). The solution is filtered and
stored between 2-8°C. Lysis buffer is prepared by diluting acidified isopropanol solution with
pure isopropanol. Menadione solution in DMSO is used as a negative control for MTT assays.

Three flasks of (PC3/ Fibroblast) cells were trypsinated and collected in a tube. They were
centrifuged and resuspended in the medium. The cells were counted using LUNA and diluted
to obtain a concentration of 8x10° cells/mL. 100 pL of cell solution was introduced in columns
2-12 of the 96-well plate, and left overnight. The cells were incubated with different
concentrations of nanoparticle solutions (columns 3-11) in the medium for a total of 6 hrs, at
37°C. Menadione is added to the last column and incubated for 3.5 hrs. Once the incubation
time lapsed, the medium from each well was removed and replaced with 100uL of MTT
solution, except the control wells. The plate was once again incubated for 4 hrs at 37°C. Then
100 pL of lysis buffer was added to each well and the absorbance at 560 nm, was recorded at
1 hour time intervals.

1 2 34 5 6 78 9 10 1312

FePt with MTT PtPt with MTT

(1 &2 @G Cilc1t 2 €3 ¢4

EC_'Q.('DZ

Control FePt Control PtPt

c1 2 @ d|c1 2 i3 4

(DJO_‘Q.QJJ('DZ

L Oy mX) O, >

Figure 145. Optimized MTT assay formulation for FePt and PtPt cyanosol in 96-well plate

Table 13. Cell survival percentages calculated for 2 cell lines in the presence of cyanosols from
optimized MTT assay
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Sample Cell line Concentration  Survival Fraction

PtPt cyanosol Fibroblast  0.10 mM 99.3 %
0.25 mM 115 %
0.50 mM 96.4 %
1.0 mM 97.5 %

PtPt cyanosol PC3 0.10 mM 85.8 %
0.25 mM 81.1 %
1.0 mM 78.6 %

FePt cyanosol PC3 0.10 mM 77.8%
0.25 mM 774 %
0.50 mM 74.6 %
1.0 mM 85.9 % *(high abs)
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6.3

6.3.1

CHAPTER 3
Poly y-Cyclodextrin citrate

Synthesis of polymer y-Cyclodextrin citrate was done by Dr.Jingwen Qiu at ISMO, Université
Paris Saclay, using a method described earlier.*** The yield of the reaction was 30% and the
synthesized polymer has a molecular weight of 13600 g/moL. It was 4 times larger than the
molecular weight of the parent CD-PEG and was characterized using nuclear magnetic
resonance (NMR) and FTIR spectroscopy.

L
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Figure 146. Scheme of synthesis of poly CD citrate
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Figure 147. NMR spectra of polymer CD-citrate with protons from CD assigned (a, b) and
citrate moieties marked (c)

The citric acid/CD molar ratio in the product was estimated by integrating the peaks assigned
to 4 protons of the citric acid methylene group divided by 8 anomeric protons of CD units,
showing citric acid/CD molar ratio= (11,7/4) : (8/8 ) =3,7:1. The final composition was
considered (CD),-(citrate)s. Infra-red spectra revealed that carbonyl groups of the carboxylic
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acids (1750 and 1700 cm™) were converted to ester functional group (1730 cm™) in the
polymer. The presence of cyclodextrin in the polymers was verified by the COH vibration (2900
cm™) and CO of the ether groups (1000 cm™).
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Figure 148. IR spectral comparison of precursors with poly CD-citrate
6.3.2 Prussian Blue with polymer Cyclodextrin-citrate
NTA analysis showed that PB + y-CD citrate formed assemblies in the size range of 120.6 +2.8
nm. But the reliability of this technique is questionable as the starting solution of single PB

nanoparticles were also detected to have sizes around 100 nm, although the analysis videos
acquired show stark difference. The results are summarized below:
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6.3.3
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Figure 149. Results from NTA analysis on PB-CD citrate assemblies (left) and PB nanopatrticle
solutions (right)

NTA is not sensitive to particle sizes below 50 nm. Therefore the sizes detected here, are an
over-estimation and not a true comparison between samples.

Prussian Blue 1.5 equivalent iron-gallate

It was determined through EDS, that only 1.5 out of the 2 equivalents of FeGA added was
retained in the UF and washed PB-FeGA sample. Therefore, attempts to form PB assemblies
using 1.5 equivalents (fast and drop-wise addition )of FeGA were made. Fe**(0.375 mM)
solution and neutralized gallic acid (0.75 mM) solutions were added to PB (0.25 mM). Results
are reported in Figure 9. DLS showed a small population around 20 nm, apart from the peak
~90 nm. TEM analysis revealed that smaller assemblies were formed as compared to PB-
2FeGA. Moreover, a large proportion of single, individual PB nanoparticles could be observed.
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6.3.4

Figure 150. PB-FeGA synthesized using 1.5 equivalents of FeGA precursors : (a) DLS comparison
(b) zeta potential and TEM images obtained with (c) slow drop-wise addition and (d) quick

addition
PB-FeGA with chitosan

Addition of 30 equivalents of a positively charged chitosan polymer led to a shift in the
hydrodynamic diameter of the assemblies to ~200 nm and zeta potential to + 16 mV. TEM

images indicate slight aggregation.
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6.3.5

Size Distribution by Intensty Zeta Potentel Dsirbution
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Figure 151. (a) Hydrodynamic diameter (b) zeta-potential and (c) TEM image of PB-FeGA
assemblies coated with 30 equivalents of chitosan polymer.

Effect of phosphate on Prussian Blue

" present on the surface of Prussian Blue nanoparticles

The principle of phosphate attack on Fe
has been described in chapter 3. Figure 11, presents the effect of phosphate buffer and foetal

bovine serum (contains PO4 *) on bare, uncoated PB nanoparticles.

Prussian Blue nanoparticles in PBS Prussian Blue nanoparticles in FBS
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04 ——10min Abs 06 o
——30min
035 20 min Abs 05
——30 min Abs
03 R
" ) 0.4 Lhr
Bo2s 40 min Abs é
——50min Abs 03

—2hr
——60 min Abs
—3hr

400 500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

Figure 152. UV-Visible spectra evolution of PB in (a) Phosphate Buffer and (b) Fetal Bovine serum

The absorption at 800 nm is important for PTT. It is seen that within 10 minutes in PBS, PB
undergoes a drastic change and loses 54% of its Absgoo nm. After 1 hour of exposure only 24%
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6.4

6.4.1

6.4.2

of the absorbance is retained. The effect of foetal bovine serum is less intense as 80% of the
PB absorbance is still maintained at 1 hr. Only a 3% loss occurs in the next 3 hours. Therefore,
it can be hypothesized that the protein corona formed around the nanoparticles due to the
serum has a protecting effect. FeGA complex and assembly formation further protects the PB
nanoparticles from phosphate attack in the PBS.

CHAPTER 4
Doxorubicin loading and release

Table 14. Encapsulation efficiency and weight percentages of doxorubicin in poly CD citrate
coated PB FeGA self-assembled nanochains.

Sample EE % Payload % Sample EE % Payload %
1 84.21 32.08 9 87.22 33.23
2 85.86 32.71 10 85.91 32.72
3 85.28 32.49 11 87.37 33.28
4 85.57 32.59 12 87.27 33.25
5 83.96 31.98 13 87.19 33.21
6 85.15 32.44 14 84.19 32.07
7 83.32 31.74 15 85.62 32.61
8 86.55 3297 Average 85.64 +1.04 32.62+0.39

NO release from nanoparticle assembly

The Griess assay kit was used to determine the amount of NO released from sodium
nitroprusside conjugated PB-FeGA assembly (PB-SNP FeGA) as described in chapter 4. The
effect of raising solution temperature to 70°C and acidic pH environment was investigated and
the plots are shown below. The absorption of azo-dye around 540 nm is used to determine
the NO amount. The experiments need to be repeated to confirm the results.
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6.4.3

Effect of heating PB-SNP assemblies at pH 5

Effect of heating PB-SNP FeGA assemblies in water

=———RG 521_1 : assemblies +
water RT Abs

=———RG 521_3 assemblies + pH 5
buffer RT Abs

——RG 521_2 : assemblies +
0.005 water 70°C Abs 0.005

——RG 521_4 assemblies + pH 5
buffer 70°C Abs

450 500 550 600 650 700 750 800 850 900 450 550 650 750 850

Figure 153.(a) UV-Vis spectral plot of heated PB-SNP FeGA assembly, after treatment with Griess
reagents and (b) corresponding plots at pH 5 (acetate buffer)

Table 15. Amount of NO release detected from PB-SNP FeGA assemblies in different conditions

Sample NO released (UM)
PB-SNP FeGA room temp. 0
PB-SNP FeGA 70°C, 1 hr 1.46
PB-SNP FeGA pH 5, 1 hr 0.76
PB-SNP FeGA pH 5, 70°C, 1 8.83

hr

Photoacoustic imaging

Preliminary photoacoustic imaging experiments were performed in Université de Paris.
Comparative analysis of different samples show that increased absorption of the assemblies
in the visible range could be translated into enhanced PA signal when compared to the single
nanoparticles.

191



6.5

\
05 \\\\\ -
04 ‘\\\ -
s N _

“650 700 750 800 850 900 950 1000

Figure 154. Normalized photoacoustic signal obtained using poly CD-citrate coated PB-FeGA
(0.125 mM) assemblies
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SYNTHESE DE FRANCAIS

Le travail effectué dans ce projet de these s'est concentré sur I'ajout de nouvelles modalités
thérapeutiques et diagnostiques aux nanoparticules ultra-petites de type bleu de Prusse (PB)
tout en maintenant une voie de synthese verte. Il peut étre globalement divisé en trois sections
principales. La premiere partie était consacrée a la création de nouveaux analogues du bleu
de Prusse en remplagant I'un ou les deux ions par un métal lourd. Cela a été fait pour
incorporer une perspective de radiothérapie jamais explorée auparavant dans le PB. On sait
que lorsqu'un rayonnement a haute énergie interagit avec des éléments a Z élevé, une cascade
d'électrons Auger est générée. Ceux-ci sont responsables de la radiolyse de I'eau et aident a
former des espéces réactives de I'oxygene (ROS) qui peuvent tuer les cellules cancéreuses a
proximité. Trois nanoparticules de PBA individualisées et autoportantes contenant de I'or, du
fer et du platine dans différentes combinaisons ont été produites dans I'eau. La synthese et la
caractérisation complete de ces nouveaux composés sont rapportées au chapitre Il. Ces
solutions appelées cyanosols ont été synthétisées de maniere verte et facilement évolutive, en
I'absence de tensioactifs et d'agents réducteurs, selon une méthode rentable. Les
nanoparticules obtenues sont homogenes et restent stables dans I'eau sans agrégation ni

dépdt, sur de longues périodes de temps.

Pt[Au(CN)] Pt[Pt(CN),]

Figure 155. Images TEM de nanopatrticules (a) AuPt (b) FePt et (c)PtPt

En optimisant les conditions expérimentales, des nanotiges d'or en forme de grain de riz
d'environ 30 nm de long avec des extrémités effilées ont été obtenues. Cette nanostructure
unique est composée de nanocristaux AuCN tandis que la surface a été décorée avec des
nanoparticules sphériques de cyanosol contenant du Pt "de 1 nm. De telles nanoparticules
bimétalliques d'alliage or-platine avec Au 'et Pt "n'ont jamais été décrites auparavant dans la
littérature. La décoration périodique réguliére de la nanostructure AuCN avec du Pt(ll) doit
étre comprise. Des nanoparticules sphériques d'hexacyanoferrate de platine (FePt) et de 1-2
nm de tétracyanoplatinate de platine (PtPt) ont également été développées au cours de cette
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thése. Ces nanoparticules poreuses contenant des ions Fe "et Pt " sont extrémement stables
dans I'eau ainsi que dans les milieux physiologiques. Il est important de noter qu'ils pourraient
étre post-revétus de différents polymeéres en fonction des exigences. Ici, le polymere polyvinyl
pyrrolidone a été utilisé pour recouvrir la surface de ces nanoparticules afin d'éviter toute
extinction des radicaux formés sous irradiation, ce qui était précédemment observé avec le
dextrane. Du sérum bovin foetal et du liquide lysosomal artificiel ont été utilisés pour imiter les
conditions biologiques et méme avec l'introduction de tels milieux et I'exposition a 37 ° C
pendant 6 a 15 heures, les signatures UV-Vis de FePt et PtPt restent intactes. Soumis a une
dose de rayonnement y de 4000 Gy, il y a eu apparition d'une bande SPR a 540 nm, dans le
cas du cyanosol AuPt qui est caractéristique des nanoparticules d'or pur. Par conséquent, une
petite proportion d' Au 'dans les nanoparticules a subi une réduction sous cette forte dose.
Cependant, aucun changement significatif n'est apparu dans le cas des nanoparticules de FePt
et de PtPt, fournissant une indication supplémentaire qu'elles pourraient étre utilisées a des
fins de radiothérapie.

L'effet de leur présence sur les biomolécules a été étudié en utilisant des plasmides comme
nano-sonde. Sa structure double brin est considérée comme similaire a I'ADN et est
généralement utilisée pour comprendre son comportement lors d'une exposition a des
faisceaux de haute énergie. Une amélioration significative de l'incitation des DSB létaux et
irréparables a été observée lors de la combinaison de ces nanoparticules poreuses contenant
du Pt "avec des plasmides avant I'irradiation gamma . Les expériences aident & comprendre
les mécanismes moléculaires a I'origine des dommages induits par les radiations. Ensuite, des
expériences in cellulo ont été menées. Les nanoparticules de cyanométallate FePt et PtPt
semblent non toxiques pour les cellules fibroblastes primaires saines et biologiquement
pertinentes. lls sont également sans danger vis-a-vis des cellules cancéreuses du col de I'utérus
(Hela) jusqu'a une concentration totale en métal de 2,5x10 “*mol.L . Ces cellules incubées
avec des nanoparticules ont été irradiées a I'aide d'une source de Cs-137, afin de vérifier si la
réponse aux radiations obtenue avec les plasmides pouvait étre traduite dans les cellules. Les
fractions de survie obtenues en fonction de la dose fournie ont démontré que les deux
nanoparticules amplifient significativement la mort des cellules cancéreuses par rapport a
I'expérience témoin. Fait intéressant, on a pu voir que les lésions sublétales sont
prédominantes et s'additionnent pour générer une conséquence létale globale. C'est un
phénomeéne peu courant et peut-étre le résultat de la porosité de nos nanoparticules. L'eau
coordonnée a la surface ainsi que celles du réseau métallique ponté cyano sont disponibles
pour la conversion en ROS. On suppose qu'ils pourraient se disperser et diffuser plus loin a
travers le systéeme poreux par rapport aux particules métalliques denses. Par conséquent, les
dommages sont plus étendus et les lésions additives provoquent la mort cellulaire, améliorant
I'index thérapeutique. La conception chimique de ces analogues du bleu de Prusse permet une
modification facile de la structure grace a des réseaux de coordination. Des études de
contraste IRM avec des nanoparticules de FePt sont prévues. Des ions de gadolinium ou de
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manganese pourraient également étre dopés a la surface de ces nanoparticules pour améliorer
la perspective diagnostique. De plus, les nanoparticules de PtPt sont constituées de feuillets
2D avec des distances inter-feuillets Pt-Pt proches qui expliquent la photoluminescence bleue
observée. Il est tres rare d'obtenir de la luminescence dans les analogues de PB et ce résultat
semble tres prometteur. Cela pourrait aider a suivre les nanoparticules ultra-petites in vivo et
aider a suivre leur biodistribution.
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Figure 156. Graphiques illustrant (a) le nombre de DSB générés par plasmide en présence de Pt
de type PB contenant des nanoparticules en fonction de la dose et (b) la fraction de survie des
cellules HeLa lorsqu'elles sont soumises a un rayonnement apres incubation avec 0,25 mM FePt
et PtPt, par rapport a un échantillon témoin ne contenant pas de nanoparticules

Le deuxieme axe de ce projet de these était la construction d'assemblages de nanoparticules
théranostiques ultra-petites afin de surmonter un obstacle majeur a leur utilisation en
médecine. Les grosses nanoparticules (> 10 nm) ne peuvent pas étre éliminées par les reins,
de sorte que l'accumulation et les effets secondaires possibles sont des préoccupations
courantes, tandis que les particules inférieures a 10 nm sont prématurément éliminées du
corps, ce qui réduit son activité thérapeutique. Afin d'obtenir un agent théranostique s(r,
multifonctionnel et efficace , la formation d'assemblages activables de particules de PB
d'environ 5 nm a été tentée. Il était difficile d'obtenir des assemblages homogenes tout en
essayant de maintenir une voie de synthese verte. Nous avons montré ici pour la premiere fois
qu'un réseau phénolique métallique (MPN) construit a I'aide de fer et d'acide gallique peut
auto-assembler des nanoparticules PB ultra-petites chargées en nanochaines
unidimensionnelles contrélées. Cela pourrait étre fait dans l'eau, sans I'utilisation de
tensioactifs, a température ambiante. Les assemblages formés étaient stables et amélioraient
les propriétés optiques par rapport aux nanoparticules individuelles. Les nanochaines
pourraient étre post-revétues de différents polyméres comme le PVP, le dextran et le citrate
de poly y -cyclodextrine et sa caractérisation compléete est rapportée au chapitre 3.
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Figure 157. (@) Image TEM d'assemblages 1-D de nanoparticules ultra-petites de bleu de Prusse
et son (b) illustration schématique

Le mécanisme de formation de ces assemblages a été étudié. Etant donné que le changement
de l'ion introduit lors de la synthése en sodium/calcium (Na* /Ca®* ) ne conduit pas a la
formation d'assemblages similaires, on peut dire que l'espéce de réseau polymére Fe** -acide
gallique pontée p-oxo est nécessaire pour reliant les nanoparticules individuelles de PB riches
en Fe. Il a été observé que la substitution par des ions gallium similaires (Ga**) pouvait
conduire a la formation de nanochaines, bien qu'elle soit moins contrdlée. Ce travail met en
lumiere la possibilité de caractéristiques intéressantes qui pourraient étre développées en
mettant l'accent sur les complexes Ga®' -acide gallique et leur formation de réseaux
phénoliques métalliques. On suppose que, de la méme maniere que pour les NP d'or chargés,
une fois qu'un dimeére de deux NP PB (liés par une coque FeGA) est formé, la double couche
électrostatique se réorganise pour former une couche uniforme recouvrant la surface. Ensuite,
les autres NP a proximité se fixent préférentiellement aux extrémités du dimere, afin de
minimiser les répulsions électrostatiques entre les particules chargées négativement, ce qui
pourrait étre la raison de la formation de nanochaines PB FeGA allongées. Des expériences in
situ par DLS et spectroscopie UV-visible au cours de la formation sont nécessaires pour
déterminer le mécanisme de formation. D'autres polyphénols pourraient également agir
comme lieurs PB et aider a former des nanostructures similaires. La variation avec l|'acide
ellagique dans un mélange eau-éthanol avec des ions Fe**, Na* et Ca®* conduisant & des
assemblages dimensionnables a été décrite dans cette these. Des nanochaines 1D pourraient
également étre formées a I'aide d'autres nanoparticules ultra-petites. Le PB dopé au Gd a 5 %,
le PB lié au nitroprusside de sodium et le cyanosol FePt présentent des résultats intéressants
qui ouvrent un large éventail de possibilités pour de études futures.

La derniere partie de cette these a été consacrée a I'évaluation de I'efficacité théranostique
des nanochaines a base de PB. Les expériences de chargement de médicaments ont révélé une
augmentation marquée de la stabilité globale du nano-systeme lors de I'assemblage des
nanoparticules. De plus, I'enrobage avec un polymere de citrate de poly-cyclodextrine (CD)
améliore I'efficacité d'encapsulation (~ 85 % en 1 heure d'incubation) et stabilise le systéme
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PB FeGA pour résister a une plus grande quantité de molécules anticancéreuses de charge
opposée. C'est la premiere fois qu'une telle encapsulation aussi élevée de doxorubicine a été
rapportée dans des systemes PB ultra-petits.

Des expériences dans des milieux physiologiques ont clairement montré que pres de 50 % du
médicament encapsulé pouvait étre libéré en une heure dans un environnement acide simulé
de la tumeur, tandis que seule une petite quantité s'échappait du systéme, méme lors d'une
exposition prolongée a un pH cellulaire neutre et sain. On pouvait également voir qu'une
élévation de la température locale augmenterait la quantité de médicament libérée dans la
zone de concentration. Etant donné que les nanoparticules de PB ont une capacité de
conversion photo-thermique, cette élévation de température pourrait facilement étre atteinte.
Les tests de rayonnement laser proche infrarouge ont révélé que les assemblages PB FeGA se
comportent comme de meilleurs agents PTT par rapport aux particules ultra-petites PB de
départ. Par conséquent, la photo thermie et la chimiothérapie synergiques pourraient conduire
a une destruction efficace des cellules cancéreuses a l'aide de ces nouvelles nanochaines PB
chargées de médicaments. Les expériences in vitro menées ont montré la sécurité et la non-
toxicité des nanochaines envers les cellules, tandis que le PB FeGA chargé de doxorubicine
était efficace pour tuer les cellules cancéreuses. L'internalisation du médicament a été
visualisée par des études de microscopie confocale et a confirmé la capacité d'administration
du médicament sous un pH acide une fois dans les lysosomes.
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Figure 158. (a) Schéma représentant l'encapsulation de la doxorubicine dans des assemblages
PB-FeGA enrobés de polymere CD citrate et sa libération dans ['environnement tumoral (b)
Pourcentage de médicament libéré par les nano-assemblages dans différentes conditions de pH
et de température.

La diversification des nanochaines avec de I'oxyde nitrique (NO) contenant des nanoparticules
ultra-petites a conduit a des résultats intéressants et a des fonctionnalités supplémentaires.
NON, un inhibiteur de croissance tumorale et un gaz radio-sensibilisant pourraient étre libérés
des nanoparticules lors du chauffage. Ainsi, en plus d'étre un véhicule d'administration de
médicaments, cette nanostructure est également un transporteur de NO, qui peut étre libéré
avec un rayonnement NIR et fonctionner avec la thérapie photothermique. Les résultats de ces
expérimentations préliminaires positives seraient reproduits dans les mois a venir avant de
passer aux tests in-vitro .

Afin d'avoir une idée des capacités diagnostiques des nanochaines, des études de relaxivité
ont été réalisées a Mons, en Belgique. Des nanoparticules simples de PB pur et de Gd-PB et
leurs assemblages respectifs ont été évalués. Etant donné que les complexes FeGA ont été
utilisés pour créer I'assemblage PB, ils améliorent positivement le contraste IRM pondéré en T
1des deux assemblages. Par conséquent, non seulement l'indice thérapeutique global des NP
PB ultra-petits s'est amélioré, mais la formation de I'assemblage s'avere également bénéfique
pour le diagnostic.

En conclusion, une nouvelle famille de nanochaines auto-assemblées de particules ultrapetites
a été créée au cours de cette thése et elles semblent prometteuses pour plusieurs types
d'applications théranostiques.
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