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"“Try not to become a person of success, but rather try to
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Chapter 1- Introduction

1 Introduction

The employment of zeolites in conventional applications such as catalysis, ion exchange
and gas separation have proved their potency over thely/éaféie zeolite nanocrystals have
also been used for more advanced applications, namely in biomedicine (sensors, drug and gas
delivery) and microbiology (antibacterial agents) thanks to their high surface area, non-toxic
nature and high chemical/thermal stabilftyHowever, the full potential of nanozeolite
utilisation for forward-looking applications concerning biomedical science has not yet been

fully discovered.

The resistance towards conventional treatments, namely antibiotics and radiotherapy in
microbiology and medicine, respectively, is a matter of concern in terms of increasing
numbers of deaths caused by infectious diseases and cancers. Moreover, the antibiotic
resistant bacteria are the main cause of severe infections, inflammations and food poisoning in
hospital environments. During the past three decades the bacterial resistance rises much faster
than total number of approved new antibiotics as presented in Figrén Jaddition, the
intense use of antibiotics is not largely applicable because of side effects. Therefore, the
development of new, antimicrobial strategies to kill bacteria and prevent a vast number of

diseases is of great interest.
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Figure 1. Number of new antibacterial drugs authorised by New Drug Applicataprdvals and resistance
rates for three types of bacteria: methiciliesistantS. aureus (MRSA), vancomycin-resistant Enterococci
(VRE), and fluoroquinolone-resistaRt aeruginosa(FQRP). Modified from: Centers of Disease Control and
Preventiori®



Another important problem is the treatment of brain tumdtirisas been recognised that
the main cause of resistance to radiotherapy treatments of tumours, especially glioblastoma
(primary brain tumour) is caused by the insufficient oxygen supply to its tissues, called
hypoxia!® Previously, several paths were taken to reduce hypoxia in tumours, namety by O
and carbogen (mixture of 5% GO95% Q) breathing. The results of this method were poor
in terms of selectivity and response to radiotherapy. Further, the extrinsic delivery of nitric
oxide (NO) to prevent blood clots formation at the surface of artificial blood vessels and
medical devices is an important matter. Nowadays, heparin is employed as anticoagulant to
prevent thrombosis, however, its use can lead to an unexpected bleeding in other parts of the

body, leading to loss of platelets.

A possible solution to prevent, bacterial infections, radiotherapy resistance and thrombosis
is to employ metal exchanged nanozeolites to act as antimicrobial agents and gas Therier
sizes of zeolite crystals play a very important role when uséuvivo studies. Micronsized
zeolites have well-defined pore structure and high sorption capacity, however they are not
stable in solutions, tending to aggregate which influence their activity and transport, leading
to toxic effects. On the other hand, nanozeolites with sizes <100 nm possess all important
textural properties and most importantly they are stable in colloidal suspensions. Moreover,
they show the absence of acute and chronic toxicity in living animals which makes them
perfect candidates to be considered for biomedical use.

Despite the fact that a lot of studies have been devoted to explore the use of zeolites in
microbiology and medicine, the full potential of such materials still remains to be developed
mostly in regards to their biocompatibility and selectivity. The goal of this PhD research is to
synthesise and post-synthetically modify template-free FAU-X nanozeolite for biomedical
applications. The post-synthesis alterations mainly involve the optimisation of ion-exchange
procedure for different cations introduction and thus functionalisation for desired application.
The gained information throughout this study will enable to understand the effect of cation

exchange in the zeolite structure and its properties linked to wanted applications.



2 Background

2.1 Zeolites- literature review
2.1.1 History and general information of zeolites

Zeolites by definition are crystalline porous aluminosilicates build-up of four connected
tetrahedrd”] The framework cations (T4 can be isomorphously substituted by other
elements with appropriate size and valency (T= Ge, Ga, P, Ti, B).FEhe framework
cations arrange around templating species, alkali metal cations with their hydration spheres or
positively charged organic species, during the crystallization process, which takes place under
hydrothermal conditions. This specific interconnection forms a three-dimensional network
structure, resulting in microporous space, channels and/or cavities, giving them molecular-
sieve characteristics. There are more than 239 types of synthetic zeolites, all of them listed on
the International Zeolite Association website (IZA)Their structure is defined by framework
topology established by arrangement of primary, secondary and polyhedral buildifgf units.
These crystalline materials are grouped into three types of categories based on the framework
largest pore dimension: (i) small-pore zeolites, 8-membered ring (8-MR) (RHO and¢HA),

(i) medium-pore zeolites, 10-MR (FER and Td#)and (iii) large-pore zeolites, 12-MR
(FAU, IWW).['Z There are a few extra-large- pore zeolites (>12-MR), but the quest for such
materials is very intense during last decBg¥!

The I1ZA database consists of detailed information about all synthetic zeolites, starting
from framework type, dimensions, synthesis conditions etc. Nevertheless, the final properties
of a zeolite are controlled by a lot of variables, starting from synthesis conditions, post-
synthetic modifications to activation for a specific reaction. The numberdaims in the
zeolite framework is an important parameter that governs the main properties of
aluminosilicates. If the zeolite matrix is composed only 6f &ioms, the corresponding silica
(SiQy) in tetrahedral framework has a neutral charge. Any substitutiort'ofvlBh AI** atoms
(AlO2) results in a negative framework charge, which has to be balanced out with counter
cation (N&, K*, NHs or H"). Upon the change of the cation type (located in the framework
channels and cages) the physical properties of zeolites are being modified, which influence
their ultimate applications. Thal®" content in the framework also control the hydrophilic
properties of zeolites, hence its negative charge attract the polar water mo(et@¢s

Therefore, zeolites with high alumina content are considered to be hydrophilic, whereas the
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ones with high silica content occur to be hydrophobic. Consequently, the acidity of zeolites
increases with increasing #lcontent. Its strength is influenced by density of acid sites and
thus the Si/Al ratio, which is an important point when taking into account the use of zeolites
as solid acid catalyst®! However, the degree of%Sto AI®* substitution is restricted to 50%

as stated in by Léewenst’s rule (Al avoidance rule); two Al tetrahedral speciesAO)

cannot share one neighbouring O atom due to electrostatic repulsion of the negative charge, as

a result of which the @d-O must be separated by a minimum on&i€ site.

The first zeolite that opened the door for commercial applications of aluminosilicates was
employed in 1960’s by Mobil Oil Corporation. They have used synthetic faujasite (FAU)
zeolite, both X and Y-type, as a catalyst for Fluid Catalytic Cracking process {ECC).
Nowadays, the family of FAU zeolites along with many others, namely MFI, Beta, FER,
MOR and TON are being employed in various catalytic and separation processes found in olil
refining and petrahemistry!*” The utilisation of zeolites as catalysts is encountered to be
around 27% of the total zeolite market worldwide from which 95% is used as FCC catalysts.
The entire, worldwide zeolite consumption is estimated roughly to be 350 thousand tonnes per

year, where the North America is being assigned as the primary consumer (Fi¢fire 2

m North America 339
m Europe 15%
m Japan 5%

Other Asia 27%

m Rest of the World

Figure 2. Annual zeolite consumption by area. Modified ff&n

The general attraction caused by zeolites in industrial and environmental applications can
be justified by their distinctive properties such as: (i) well-defined pore structure, which
makes them shape-selective, (ii) high thermal and chemical stability, which is important for

harsh operation conditions, (iii) strong Brgnstextidity (essential for catalytic

10



transformations) and (iv) ability to exchange cations, vital for environmental usage e.g. water
softening, wastewater treatmélit?® Consequently, all of those engaging properties of
zeolites made them widelysed in previously mentioned FCC but also in paraffin’s
isomerisation, aromatic processing and gas sorption/sepdfati@rMoreover, the zeolite
properties, namely crystal size, porosity (micro-mesoporous hierarchical zeolites) and active
acid accessibility can be further altered using various post-synthetic modifications depending
on the required application. The general review of all possible post-synthetic modifications

and their outcome is well presented by Valtcheal!?3!

Considering all the important morphological transformations of zeolites, in where the main
goal is to enhance their properties and thus activity have already been well investigated. The
one that attracted the most attention was the zeolite crystal size reduction to nanometre scale.
The main advantages of nanozeolites are tuneable crystal sizes, high external surface area,
better micropore accessibility and decreased diffusion constrains (Figl#® Bhese
properties enabled nanocrystals to be tested in enhanced reactions with bulky molecules as
well as membranes and films in gas separation and séfisifigzurthermore, the template-
free synthesis of nanosized aluminosilicates, associated with them controlled crystal
engineering and biocompatibility opened the door for novel biology and medicine related
applications e.g. biosensing, gas/drug delivery and antibadtérdl.

Figure 3. Advanced properties of nanozeolit&s.

2.1.2 Synthesis of nanozeolites

The knowledge advancement about growing conditions of natural zeolites has made an

important contribution in understanding the synthesis process for laboratory made zeolites.
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The laboratory preparation process of aluminosilicates took on broad variety of conditions
that implement the natural growth of zeolites, such as temperature, pH, pressure and time. The
general synthesis of nanozeolites involves hydrothermal treatment (HT) of mixed aluminate
and silicate solution in a closed system, under alkali conditipit>11), at raised
temperatures (RT-180 °C) and pressures over the period of minutes to days. The zeolite
synthesis requires preparation of starting solution/gel precursor from a mixture of raw
materials, which then could be subjected to homogenisation, aging and finally HT resulting in
crystalline material. The molar ratio formula has been employed in order to describe the
general, chemical composition of particular zeolite, where M symbolise counter cation or
organic structure directing agent (OSDA), x/n stands for the number of cations and x
represents the number of alumina speéfés.

Mxn[(AIO 2)x(SiOz2)y].mH20

There are several variable components that have to be controlled when synthesising the
desired zeolite, one of the important ones being Si/Al ratio, followed by the source of starting
materials, metal cations, OSDAand HO quantities. The latter two play vital role in
size/morphology determination arab catalyst in chemical reactions within the synthetic
system. A few details have to be taken into consideration when starting a new synthesis.
Particularities like the purity/source of reagents, order of mixing, speed of agitation and
temperature/time of aging are essential things to bear in mind.

As mentioned above the synthesis of nanozeolites is always executed in the closed system
The reaction between the starting components within the initial gel leads to nucleation of
particles and crystal growth. Nucleation and crystal growth are two very complex processes,
which occur simultaneously and for that reasons the separation between them is impossible.
Hence, the correlation between them is crucial when it comes to crystal size design. The
increase in viable nuclei number results in the formation of smaller crystals, as demonstrated
in Figure 4a. The zeolite crystal growth manner is typically described based on classical S-
shaped crystallization curve (Figure 4b). Therefore, in order to obtain smaller crystals the
synthesis conditions have to be adjusted in the way to favour nucleation over crystal growth
e.g. lower synthesis temperattiime®™ The control ofinitial precursor’s homogeneity as
well as the uniformity of the nucleation process is crucial when the main aim is to synthesise

nanosized zeolite crystals with monomodal particle size distribution.
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The appearance of zeolite yielding systems is diverse in nature, due to the type of starting
precursors employed as well as the mixing conditions (stirring, shaking) used for
homogenisation. Its form can differ starting from very dense, almost paste-like gels to water
clear suspension®! Usually, hydrogels (separated into the mother liquor and soli}l goart
applied when it comes to zeolites preparation. However, the outcome of such approach results
in the formation of micron-sized zeolite crystals. Therefore, a better understanding of zeolite
nucleation process, along with the identification of the key elements that govern the formation
and number of viable nuclei in the system is needed. The zeolite formation process is still not
well understood due to convolution of many actions that are happening within the system at
relatively short space of time. Besides the control of crystal size the future research in this

topic will also considerably improve the ability to control the zeolite crystal morphology.

(@) (b)

Crystal size
Crystal growth

No. of nuclei Time

Figure 4. (a) Correlation between the number of nuclei per unit gel and ultimate cigtglgb) Typical S-
shaped curve representing the crystal growth with time.

2.1.2.1Conventional synthesis of nanozeolites

The term, conventional synthesis refers to preparation of nanocrystals from hydrogels in a
closed system under hydrothermal treatment. The first reports on syntheses of zeolite
nanocrystals with narrow particle size distribution was documentée beginning of 90’s
by the group of Swedish researchers, led by Schoerhah®*3% They have reported the
synthesis of industrially important zeolites, such as ZSM-5, sodalite, Y and A with particle
sizes ranging from 100-300 nm. The nanozeolites were synthesised freatiedoclear
homogenous solutions’ at rather low temperatures (~100 °C), purified, redispersed in water

and kept in form of stable colloidal suspension. They have shown that although the starting

13



colloidal mixture was visually clear, it contained discrete particles from which the zeolite
nanocrystals were formed (crystallisation). Those studies provided an excellent starting point

for the understanding and further development of nanocrystal synthesis.

The homogeneity of the initial system is the key fafbo nanozeolite formation, among
carefully selected reactants (mainly silica source) and conditions. Generally speaking, in order
to acquire the homogenous system the quantity of alkali cations must be kept as low as
possible (which will limit the particle aggregation), whereas the high amounts of
tetraalkylammonium hydroxides are vital to stimulate alkalinity of reaction (basic pH). The
high water content keeps the system diluted, which is necessary for preventing crystal
aggregation and the crystallisation temperature is typically bellow 100 °C, to encourage
nucleation rather than crystal growth. The product recovery plays equally a principal part in
the final particle sizeas well as the synthesis itself. The nanocrystals are retrieved, and
purified from the excess of unreacted reagents by high-speed centrifugation (>20000 rpm) for
times longer than 15 min (depending on the crystal size). Usually, nanocrystals are then
washed with distilled (ddH2-O and kept in stabilised suspension at pH around 9. The
appropriate pH of zeolite suspension maintains the negative charge on zeolite crystals
(keeping them stable), avoiding agglomeration (even when stored for a long period). The
transformation of zeolite suspension into solid is preferably performed using freeze drier,
rather than conventional, oven drying, to minimise the level of agglomeration. Indeed, the
synthesis from clear suspensions enables the study of zeolite crystallisation process and
profits highly crystalline nanozeolites with Iwelefined morphology, however it

compromises on the total reaction yield due to synthesis conditions.

Lately, EMT zeolite nanocrystals were synthesised from colloidal solution, free from
organic templat€® This synthesis breakthrough was critical, as until 2013 this potentially
active zeolite in separation and ion-exchange processes was prepared with the presence of
very expensive organic structure directing agents and thus its commercialisation was
impossible for obvious financial reasons. This successful approach was carried out in Na-rich
starting precursor mixture and conditions specially selected to avoid impurities with
competing phases of FAU and SOD zeolites. Initially, the amorphous colloidal particles were
formed (as expected from the crystallisation process reported for zeolites X, Y and A), and
during hydrothermal treatment at very low temperature (around 30tli€se amorphous

particles were converted to ultrasmall, hexagonal crystals with sizes 6-15 nm. Upon extended
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crystallisation time these ultrasmall particles grew to 50-70 nm nanocrystals. Besides the
employment of green synthesis methods which resulted in the formation of ultrasmall crystals
with narrow particle size distribution, the great achievement was obtained by the elimination
of OSDA’s, bringing the EMT nanozeolite production cost down, ultimately making them

commercially accessible.

Another example of industrially important aluminosilicagezeolite A. This small pore
(4.2 A) zeolite has a superior ion-exchange capacity and thus is broadly used as a key
component of washing powders to act as water softener. The preparation of zeolite A
nanocrystals from clear suspension was firstly acquired in the presence of
tetramethylammonium hydroxide (TMAOH) structure directing a§€hThe synthesis was
performed at room temperature (RT) for 7 days which resulted in the formation of particles
with sizes 40-80 nm. Latter was heated at 80 °C for 1-2 hours, the hydrothermal treatment
produced larger crystals (up to 400 nm) with well-developed faces. Few years later, the
“green” synthesis approach in the preparation of template-free LTA nanozeolite was
employed®® Zeolite A was prepared under very mild conditions (40 °C) in order to favour
the nucleation and consequently delay the crystallisation process, allowing the fundamental
study of crystal birth. After 18 hours of hydrothermal treatment the fully crystalline zeolite A

with crystal sizes between 40-300 nm was acquired.

Overall, the template-free, low temperature material preparation enabled to study the
crystallogenesis of zeolite formation. The nanocrystals preparation in the absence of OSDA’s
made nanozeolites biocompatible and empowered their use in on-demand, biomedical

applications which are discussed in detail in sestibh.3.2 and 3.4

2.1.2.2Non-conventional synthesis of nanozeolites

The non-conventional synthesis methods were developed to conquer the problematic
crystal size control linked to the conventional approach. A technique that can be used to
control the crystal growth is the confined-space synthesis. This method applies physical
barriers to control crystal growth and thus the final crystal size is determined by the available
free-space. The first case of such synthesis was reported by the group of Jatabsérere
they used carbon nanotubes (impregnated into initial precursor mixture) for the preparation of

ZSM-5 zeolite. After crystallization the zeolite with average crystals sizes of 15 nm was
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obtained and carbon removal was accomplished by pyrdi}étNext, various polymers and
surfactants were introduced to zeolite precursor suspensions (instead of carbon nanotubes) to

act as a space limiting agent.

In the past decade, several studies proposed the employment of multivalent surfactants for
the synthesis of nanozeolites. The function of surfactants was to manage the mesopore
formation (micelle) during which microporosity was created from the surfactant head groups,
effectively limiting the crystal growti>*? Through this approach zeolites with the following
framework structures have been synthesised; FAU, CHA, MFI and MOR. The main drawback
of such procedure was that the resulting nanocrystals were very much aggregated creating a

thick layer of particles.

Moreover, the organosilanes have been used as surface functionalising agents of
nanozeolite precursors, which could rather be viewed as confined-space synthesis. The idea of
introducing silane coupling agents is to interrupt the zeolite crystal gibivttately, the
work of Huet al. stated a one-step synthesis route, using amino-, mercapto- and allyl-surface
groups to control the crystal growth of ZSM-5 nanozeétitélhe consequent zeolite crystals
were homogenous and highly crystalline with sizes around 100 nm. Furthermore, the silanes
addition not only influenced the crystal size but also induced changes to Si/Al ratio and

hydrophilicity.

Correspondingly, ultraonication has also been used for the synthesis of zeolite
nanocrystals. Recently, nanosized NaP zeolite was prepared by sonochemical method
followed by either traditional hydrothermal treatmBfit.By the use of this method a
noticeable decrease in particle size was noted when compared to synthesis without sonication.
In this study the sonication energy was held at 150 W and the zeolite starting solution aged in
the ultrasonic batch 2 h. This issued a formation of small zeolite P nanocrystals (50 nm).

Another sort of non-conventional zeolite synthesis applies the use of Microwave (MW)
radiation instead of traditional oven heating. The main advantages of this method are fast,
uniform and direct heating in the reaction holder, which generally produce more
homogeneous systems and smaller crystals. In 1998, a great review on MW techniques for
zeolite synthesis and modification has been produced by Ceh@!*® Subsequently,

followed by a lot of reports on MW synthesis, its applications and future developments. For
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example, the publication by Heyden al. describes the successful preparation of AIPO-18
nanocrystals by MW routé®! The MW synthesis was performed at 130 °C for 30 min, which

resulted in the formation of nanocrystals (300 nm) with well-developed faces.

2.1.3 Properties and applications of nanozeolites

The main properties of nanozeolites have been well documented in the past. The decrease of
zeolite particles size to nanometre scale made a huge impact on their performance in well-
established applications, namely, catalysis, ion-exchange and separation. By detiheasing
crystal size the number of external atoms increase, and thus the external areas, as well as
surface activity. The large surface area and acidity of nanozeolites are essemiahtain

their activation for catalytic applications, especially where the zeolite is involved in the
systems with bulky molecules. Moreover, smaller zeolite crystals have shorter diffusion path
lengths and therefore reduce the mass transfer limitations, which is crucial for catalysis to
ensure rapid reactions and avoid coke formation. In addition, nanocrystals possess high
chemical and thermal stability due to their well crystalline structures, enabling their utilisation

in harsh conditions. The improved preparation and post-synthetic modifications of
nanomaterials facilitate their use in advanced applications illustrated in Figure 5. This section
will provide an overall summary regarding on-demand nanozeolite applications including

optical/sensing, biological and medicinal uses.

catalysis

optical sensing

separation drug delivery

diagnostics antibacterial

gas delivery

Figure 5. Novel applications of nanosized zeolites
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2.1.3.1 Optical and sensing applications of nanosized zeolites

Nanozeolites are model materials for the preparation of optical devices, thanks to their high
thermal stability, diverse and rigid structures. They are introduced to optical devices in form
of zeolite films, with a thickness of 200-10 000 nm, made by spin (dip) coating, hydrothermal
growth of zeolite layers and screen printifig?® The thin film preparation method as well as
zeolite and binder type influence the final optical properties such as thickness, hardness and

related to those extinction coefficient and reflective index.

The first example of zeolite based photovoltaic cells has been reported by Cadaderri
where the one dimensional, LTL nanozeolite was used for the incorporation of organic dyes
for light harvesting and energy stordtfe>!! In all three cases the 30 nm sized zeolites L were
used. It has been demonstrated the dye incorporation into the zeolite micropores did not affect
its optical properties. Further functionalisation of hybrid films was necessary to efficiently
catch and inject electronic energy from/to the nanocrystals. In order to do so, a coupling
acceptor or donor stopcocks fluorophore molecules were positioned at the ends of LTL
nanozeolite channels. The final stage of organisation involved the coupling to an external
device through stopcock molecules. The versatility and easy adjustability of those organised
systems showed a great potential in excitation energy trapping and transfer, which provide a

platform for development of future photonic devices.

Recently, a great attention was drawn to the preparation of new photovoltaic solar cells
based on 3D CdS, PbS and PbSe quantum dots (QD) arrays loaded into FAU-Y zeolite
voids®253 Their results indicated that the performance of the devices greatly depends on the
type of QD used. The best efficiency was obtained for Y zeolite encapsulated with multi QD

arrays, in this case CdS and PbS.

Nanozeolites are excellent candidates for chemical sensing/detection owning to the
presence of exhalable cations, adsorption capacity, high surface areas and porosity, providing
a fast response required especially in sensing appliances. Latterly, a very detailed review
about the use zeolites for sensing devices in automotive and biomedical industries was
presented® The authors demonstrated several instances where zeolites can be utilised for
NOy, NH3z, H2O and hydrocarbons detection. They can also be employed as base,f@»CO

and alcohol detection in air control and biosen86r)
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The size and shape selectivity of zeolites towards different analytes is refined by the
introduction of various framework topologies, which are characterised by specific pore
dimensions, shapes and volumes, which permit segregation between heterogeneous
molecules. The chemical composition of nanosized zeolites can be modified which will affect
the sensor sensitivity and response, e.g. by increasing Si/Al ratio (hydrophobic) and ion-
exchange (adsorption capacity). In general, nanozeolites have several important benefits to
offer when it comes to sensors manufacture; (i) stability in suspensions, (ii) relatively simple
deposition (thin films), (iii) faster response (zeolite films thickness reduction), (iv) selectivity
and accessibility (use of different types of zeolites, desired crystals positioning in the films).
All of these advantages make nanozeolites potential candidates for conductive, selective,

active and most importantly stable sensing devices.

2.1.3.2 Biomedical applications of nanozeolites

Nanozeolites have been widely examined for different biomedical applications, namely,
antibacterial, drug delivery and gas storage. However, the main question in regards to their
toxicity still remains uncertain, as nanopatrticles can cause unwanted effects in human health.
This issue is of great importance as zeolites are used in industry and commercial products,
and thus the exposure to environment and eventually humans will highly increase. Therefore,
the nano-safety regulations must be applied due to easy adsorption of nanoparticles, through

breathing/skin and distribution via blood to vital organs.

The toxicity tests were performed mostly on FAU, EMT, LTA, and MFI zedfite8! The
results demonstrated that nanosized zeolite have very low or non-toxic effects. The review on
biological toxicity of LTL nanozeolites showed very low toxicity towards HelLa cancerous
cells. Although, at high concentrations a toxic response was observed, this was assigned to
positively charged crystalline surfald. They stated that nanosized zeolites toxicity strongly

rely on their size, shape and metal functionalisation.

The implementation of green synthesis techniques, without the use of template, performed
at low temperatures, open the door for nanomaterials to be used as potential gas carriers for
biomedical applications. For this kind of application the nanosized zeolite has to be able to

adsorb, store and deliver gasses essential for biological functions. The gas adsorption capacity
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and cytotoxicity of iron-exchanged, EMT nanozeolite was ass&€8sdthe results indicated

that particles with sizes 10-30 nm are non-toxic towards human glioblastoma (U8arEIG)
kidney cells (HEK-293T). The greater gas adsorption capacity towardsa@® NO was

noted after iron introduction in comparison to as synthesised sodium containing nanozeolite.
Additionally, the ability of metal-exchanged LTA nanozeolite to release NO has expanded
their use for medical purposes, in particular as coating of artificial blood vessels to prevent
thrombosis during and after surgéd). Moreover, the Zn- and Co- containing LTA
nanozeolite proved to have higher NO adsorption affinity than Na-form. The amount of gas

released strongly depended on the type of cation, its concentration and/©férge.

The drug delivery applications of nanozeolites have been previously reported. The
attention was drawn mostly to LTA, FAU and MFI zeolites for anti-cancer drug defifé&ry.
Conventional cancer therapies with traditional drugs such as 5-fluorouracil (5-FU) often result
in adverse toxic effects. Therefore, the encapsulation of these anticancer drugs is not only
needed for simpler administration but also to avoid harmful properties. The 5-FU anticancer
drug was encapsulated into FAU, MFI and LTA zeolites to test them in drug delivery
systems. The drug loading was found to be the highest in FAU nanozeolite followed by MFI
and LTA, which clearly follows the size of pore openings of individual frameworks, and thus
adsorption capacitiesln vitro drug delivery report showed a fast drug release from
nanozeolites, 75% of 5-FU drug was released within 5 min. Besides fast drug deligery, th
parent nanozeolites showed nontoxic behaviour towards RKO and HCT-15 colon and breast
cancer cells respectively. However, after 5-FU introduction into nanozeolites, the cell
viability drastically decreased even when compared to the anti-cancer drug itself. On that
basis it can be concluded that drug delivery systems involving nanozeolites are effective in

anticancer therapy.

Finally, it is worth mentioning that nanozeolites also possess antifungal and antibacterial
activity. These inorganic aluminosilicates have well-defined porous systems and provide
chemical and thermal stability as well as easy functionalisation needed for antimicrobial
properties. The antibacterial efficiency of colloidally stable EMT zeolite loaded with silver
was recently reported by Dong and co-work&¥sThe study demonstrated that nanozeolite
containing high silver amounts effectively inhibited the growtlEo€oli, no viable bacterial

cells were observed after two min of exposure.
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3 Faujasite (FAU)
3.1 Framework characteristics

Faujasite is a rare, natural zeolite found only in several locations over the world. The
crystal structure of FAU was first resolved in 19%6Bergerhoffet al,’®”%8 latter in early

60’s the first synthetic zeolite X was discovered by Mileral %

Zeolite X and Y are large pore zeolites which belong to FAU framework topology. The
only contrast between them comes from the small change in Si/Al ratio, being 1-1.5 and
above 1.5 for zeolite X and Y, respectively. Their three-dimensional structure is constructed
of sodalite cages consisting of 24 T atoms (Figure 6a) interconnegtieexagonal prisms
(double 6-rings). The sodalite cages assemble together to from large supercage with diameter
of 1.2 nm and opening of 0.73 nm. As presented in Figure 6b, the single unit cell contains 8
sodalite cages and 16 double 6-rings. Those single units are connected together along [001]
through hexagonal prism to create the FAU-type framework (Figure 6). FAU-type zeslite ha
an open structure, which is indicated by the low number of tetrahedrally coordinated T atoms
per 1000 A, givingaframework density of about 13.3 T/1006.A

Figure 6. (a) Sodalite cage - a basic structural unit, (b) single unit cell of FAU frarkessosisting of super
cage, sodalite cages and hexagonal prisms, (c) Connected unit cells of FAU zeolite.
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3.2 Cation distribution ifNa-X zeolite

As mentiored in the previous section, the introduction of aluminium atoms into zeolite
brings a negative charge to the framework, which is compensated by the presence of extra
framework cations. The properties of zeolites are closely associated with the type, position
and accessibility of those cations to interact with other molecules. Therefore, the
determination of different locations of those metals is essential to understand their behaviour
in adsorption and ion-exchange processes. Since the primary study ofrMoréke who
devoted his research to understand the location of extra framework sites in thé’Zemlioe,

of studies have been reported to sty distribution in X zeolite.

Na-X from of FAU zeolite acts as a predecessor for almost all ion-exchanged FAU type
aluminosilicates. The main characterisation methods used for determination of cation
locations include: powder or single-crystal X-ray diffraction, NMR (magic angle spinning and

double rotation), powder neutron diffraction and computational predsctin

O lattice oxygen
® extra framework M
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sodalite cage
supercage 10

Figure 7. Single unit cell of FAU framework with possible cation site locatiéfs.

Na’ cations occupy different crystallographic sites in the framework for two main reasons:
() to increase their interactions with oxygen atoms, and (ii) to reduce cation-cation repulsion.
Sodium cations can be located inside of hexagonal prisms - sites |, within sodalite sitges -
I', in the interior of supercages, in front of 6-rings - sites I, and in the supercage close to 4-
rings of the sodalite cages - sites Ill. For the schematic representation of all sites within FAU-

X please refer to Figurel?!
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The site multiplicity per unit cell varies depending on the site type, e.g. site | has a

multiplicity of 16, sites I" and II have 32 and site III possess 48. It has been reported that if

there is less than 32 cations per unit cell the first site to be occupied by is site Il due to
reduced cation-cation electrostatic repulsions. However, if the number of extra framework
metals increases from 33 to 48 per unit cell, site | will be the most populaté® dhés

worth mentioning that sites I and I’ cannot be inhabited by metal ions at the same time in the

same hexagonal prism due to strong repulsions caused by a short distance between them.
When the cation number increases from 49- 64 per unit cell, site | occupation is reduced in the
advantage of site I’ (more favourable). Sites III and III" are the last one to be occupied with

growing numbers of metal¥!

3.3 Functionalisation of Na-X with metal ions

Faujasite Na-X zeolite exchanged with various metal ions, such ads"LiRb", Cs, Cl#*,
Zr?* Fe¥*, and many others, have been thoroughly investigated over the past half-century in
regards to their employment in crystal engineering, separation, biomedical science and
catalysis. The post-synthetic metal introduction allows the preparation of zeolite with
properties suitable for particular application. The cation exchange can be achieved via two
different methods, ion-exchange or impregnation depending on the loading, size and charge of
the metal ions.

3.3.1 lon exchange

lon-exchange is a relatively simple process that can be executed in solid, liquid and gas
phases. Usually, the exchange is performed in nitrate or chloride solutions with specific
concentration of metal ions and zeolite in form of solid or colloidal suspension. The ion
mobility is not significantly affected by the temperature, thus in most cases exchange is
executed in the range of 25-80 °C. Although, this procedure needs numerous treatment steps
such as filtration, washing, purification etc., it can be employed to different kinds of zeolites
without affecting their stability.

lon-exchange has been extensively used in a zeolitic systems used in applications
regarding water purification, gas separation and catdlysi8. The interactions between
different ions and zeolite lattice changes the material activity and accessibility towards
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various type of molecules. As a consequence it creates new possibilities for exchanged-
zeolites to be used in environmdrdad biomedical secter

3.3.2 Impregnation

When ion-exchange is not effective enough e.g. due to cation size and charge,
impregnation can be applied as an alternative method for metal introduction into zeolite
materials. The amount of impregnated ion species is controlled by the concentration and pH
ionic solutions. In case of nanozeolites, their physical properties, namely high surface areas
and open structures, increase their capability of metal introduction making impregnation very

efficient.

3.4 Biomedical applications of metal exchanged zeolite X

The development of “green” synthesis methods combined with metal ion functionalisation
of nanozeolites opened the door for them to be considered in microbiology, biomedicine and

gas adsorption applications.

3.4.1 Microbiology

Nowadays, the number of infections and inflammations caused by the pathogens is rising
due to their increasing resistance towards antibigfi¢d. Antimicrobial resistance (AMR) is
naturally developing process where microorganisms are able to resist the treatments by
antimicrobial agents. If the antimicrobial resistance (AMR) continues to grow at the current
rate, the estimated number of deaths caused by AMR per year will exceed 10 million by 2050
as illustrated in Figure 8. This prediction is very much warring as it will surpass the number
of life los®s caused by cancéf! Therefore, the necessity for development of new

antibacterial agents, which are not based on antibiotics, is of great demand.

In the past, zeolites functionalised with antibacterial metals su@m?4<c?*, Ci** and
Ag*have been employed to fight bactéfi¥ Those inorganic aluminosilicates own several
benefits in contrast to generally used organic agents, mainly chemical/thermal stability
allowing easier preparation of nanocomposites and other elaborated stretusdser
exchanged zeolites, have been by far the most studied system. The main reason for it is that
silver contains rather wide spectrum of antimicrobial properties, where zeolites hold well-
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defined microporosity and high-surface area, providing slow release of silver cations in
solution and effectively long-term antibacterial acti#y The antibacterial mode of silver
can be divided into four parts: (i) release of metal ions in solution, (ii) provoking loss of water

from cells, (iii) entering the bacteria cell and (iv) inhibiting the bacterial DNA replication.

AMR in 2050
10 million
Tetanus
60,000
Road traffic
accidents Cancer
1.2 million A 8.2 million
/AMR now
/ 700,000
(low estimate)
/
\ /
Measles T Cholera
130,000 N B 100,000—
120,000
Diarrhoeal
disease Diabetes
1.4 million 1.5 million

Figure 8. Estimated number of deaths caused by AMR in comparison toaathses life l0s8%

The final antimicrobial properties of silver containing aluminosilicates strongly depend on
zeolite pore size (micro-meso porous), physical appearance (powder, pellets) and silver form
(cationic, metal¥®”! Moreover, the research by Sabbahial. demonstrated the use of FAU
zeolite films with stabilised silver nanoparticles, to be efficient agdinstoli with the
complete bacteria elimination within 120 nffifl. Despite the fact that silver has proven its
activity against a broad spectrum of bacteria and pathogens, there are major concerns
regarding the use of silver nanoparticles in commercial products (textiles, cosmetics) which

can lead to silver accumulation in the environnt&ht.

Additional example of zeolites used in microbiology was documented by the research
group of Foxet al, where they used NO loaded zinc exchanged zeolite for bifunctional
antibacterial strategy. This study showed the material potency in treatment against Gram-

negative and Gram-positive bacteffa.
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To conclude, the use of nanozeolites in microbiology can potentially grow due to offered
flexibility in terms of preparation and modification. Besides, they can be stabilised in
suspensions, deposited in membranes and thin films, which give the possibility for versatile

use in different settings.

3.4.2 Drug delivery

The importance of using nanozeolites in biotechnology and biomedicine comes from their
ability to adsorb different molecules, depending on their pore size and
hydrophilic/hydrophobic nature, without compromising on their high stability and structure.
Pharmaceutical substances, like drugs, can be introduced to zeolites via different ways: (i) by
loading into channels and cages of zeolites, and (ii) immobilisation to the external surface. As
a consequence, the synthesis of zeolites with high external surface areas became substantial,

especially when large biomolecules are immobilised to them.

The FAU type zeolite was used for adsorption anditro delivery of anti-inflammatory
drugs®>®? The study revealed that the amount of drug adsorbed corresptanthe zeolite
pore volume and delivery rate was affected by Al content. The drug delivery rate was
dependent on Al amount due to the fact that Ibuprofenate boned more strongly to the active
sites of zeolite . The ibuprofen loaded FAU demonstrated an improved drug release manner
than inspected for mesoporous silica (MCM-41). Apart from anti-inflammatory substances,
the FAU zeolite was also employed as a carrier of anthelmintic 8fudRichlorvos is a
relatively small molecule which has been introduced to FAU in order to decrease the number
of worms in pigs and rats. The results indicated that dichlorvos immobilised zeolite showed
earlier removal of worms than the drug itself, due to slow release of the substance in the
regions more populated by worms. Besides its efficiency, the drug-zeolite matrix remained
stable and active at different temperatures for over 6 months. This brought the benefit of using
zeolites as a stabilising agent for drugs to extend their shelf life, instead of highly-priced

plastic beads, which role is to hinder excessive release.

As mentioned earlier, the nanozeolites have both micropores and textural mesopores which
provide them with the ability to adsorb a broad spectrum of differeatnsadecules. The
FAU zeolite milled with magnetite was used to adsorb anticancer drug doxorubicin. The

milling process enabled to obtain small, ferromagnetic crystals with average sizes of 400 nm.
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The nanoparticles were competent to store and release 77 % of the loaded drug in over 12 h.
Another study of anticancer drug loading into FAU zeolite was performed by Amorim and co-
workers. They encapsulated the anticancer drug, cyano-4-hydroxycinnamic acid (CHC) into
zeolite porosity and evaluated the host-drug delivery effect on human colon carcinoma cells
(HCT-15)128 This research revealed that zeolite structure can be used for sustained drug
release, increasing CHC bioavailability and thus its efficiency, which is related to enhanced
drug solubility when loaded into the pores of zeolite. More importantly, FAU zeolite alone
showed no toxicity to cancer cells, whereas when encapsulated with anticancer drug it led t
inhibition of cell viability. The loaded drug showed an increase in potency up to 585-fold in
comparison to CHC drug alone. These findings pointed out the capability of zeolites to act as

a host for anticancer drugs, boosting their delivery and performance.

3.4.3 Gas storage and delivery

Additional application of nanosized zeolites involved the adsorption, storage and
controlled delivery of gases, such as, @G, and NO for biomedical applications. The
challenge is to control the gas release kinetics as they are often toxic when introduced in large
amounts, whereas inefficient when delivered in petite quarlfitieln case of oxygen
delivery, materials such as ceramic oxides were mostly considered; however, latelg zeolite

with reduced size became appealing for oxygen delivery regarding medical appliations.

Very recently, a simple route towards increasing oxygen adsorption capacity in nanozeolite
FAU was reporte®® The nanosized zeolite X was functionalised with bromoperfluoro-n-
octane (perfluorinated compound) or cerium cation to increase its oxygen capacity which can
be used for storage and delivery. These relatively simple modifications resulted in significant
increase in oxygen affinity by 33% in both fluorinated and cerium exchanged materials when
compared to as prepared Na-The functionalisation process did not compromise on the
zeolite morphology, as the crystallinity and size remained the same. Additionally, the as
prepared and modified nanozeolites displayed no toxicity towards humankcetisli and

mice astrocytes, providing greatly required biocompatibility for biomedical testing.

Nitric oxide (NO) is an example of another biologically important gas molecule that is
involved in many biological processes, namely regulation of the blood flow,

neurotransmission and immune respdfs&! The external delivery of this very active
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molecule an contribute to treatment of major diseases such as thrombosis. Consequently,
materials with the ability to release NO can be applied for production of artificial blood
vessels and medical devices. So far, the significant research, done by the group of Morris and
co-workers, described the use of LTA zeolite exchanged with various cations to act as
effective gas depot and carrier in biological conditi6?%! The amount of NO released from
zeolite in the water suspension was measured electrochemically, showing that between all
metal-exchanges samples Co-exchanged zeolite released the most NO, wheragas the
prepared Na form of LTA zeolite released the least NO. It was concluded that the amount of
NO liberated from the zeolite was influenced not only by the type of transition metal
introduced but also on the amounts of metal ions present. They have also showed that NO-
releasing zeolite can inhibit platelets aggregation, which opened the door for them to be used
in medical applications, not only during bypass surgery (catheters) but also as antimicrobial

adjuncts for infection hindrance.

3.4.4 MRIimaging

The recent development of magnetic resonance imaging (MRI), which is used as a
diagnostic tool for discrimination between pathological and normal tissue, caused a huge
interest in employment of lanthanide metal complexes to act as a contrast agents. In order to
be an effective contrast agent the material has to fulfil several criteria’s: (i) it must have a
strong local effect on the proton relaxation rated of water, by which the MRI signal intensity
is provided, (ii) it has to present adequate pharmacokinetic in terms of specification,
distribution and metabolism, and (iii) most importantly it has to be nontoxic. Nowadays,
Dotarem is one of the commercially used MRI contrast agents, however its use, rise a debate
about the stability of gadolinium chelates complex, which is linked to adverse effects as well
as accumulation of Gd in tissuesi® Therefore, the development of new gadolinium

containing contrast agents is of great demand.

In the past decade, gadolinium containing FAU zeolites were used as MRI contrast agents
for the gastrointestinal tract and the intravascular system imaging, which proved their
efficiency in biological systen$?*1%l Moreover, the zeolite crystals were subjected to
surface modifications with trialkoxysilane monomers, which aim was to add biological
activity and selectivity to the zeolite surface, resulting in crystals accumulation in particular

parts of the body.
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Besides the capability of iron oxide nanoparticles to repair tissues and deliver drugs, they
can also be used as imaging contrast promotor for MRI applications. Additionally, it was
demonstrated that iron-exchanged EMT nanozeolite showed better adsorption capacity
towards CQ and NO, with the absence of toxicity towards various &8l herefore, the
combination of excellent properties of nanozeolites with MRI active particles can lead to

development of stimuli-responsive systems for novel therapies, namely, tumour treatment.

4 Literature review- Conclusion

The aim of the literature review was to understand the zeolite-cation exchange mechanism
which led to material functionalisation towards potential biomedical applications. The
collected information about the use of different types of nanozeolites in advanced biochemical
applications and the possibilities of employing functionalised, FAU nanozeolite as
antimicrobial agent as well as drug and gas carrier, provided a base for new zeolite utilisation

ideas for this research study.

Taking into consideration that a lot of studies have already been dedicated towards
finding on-demand zeolite applications in biologically active systems, more research is
needed to optimise nanozeolite functionalities. Nowadays, there are a lot of controversies and
debates in nanoscience society, about the safety and biocompatibility of nanozeolites to be
applied toin vivo systems. Therefore, in order to prove their harmless nature, a lot of research
still has to be performed, mainly in regards to nanozeolite accumulation and degradation
within the body.
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Chapter 2- Experimental

1 FAU-X zeolite

1.1 Synthesis

The template-free, nanosized FAU zeolite was prepared from a precursor mixture with the
molar composition: 9 Na20: 1.1 Al203: 10 SiO2: 77 H3Csolution A was made by
dissolving 2.5 g of sodium hydroxide (NaOH, 97%, Sigma-Aldrich) in 3.0 g of double
distilled water (ddHO), followed by gradual addition of 0.297 g aluminum powder (325
mesh, 99.5%, Alfa Aesar). The mixture was stirred until a clear solution was obtained.
Solution B was prepared by dissolving 1.1 g of NaOH in 1.0 g o@QdHKbllowed by the
addition of 10 g colloidal silica (Ludox-HS 30, 30 wt % SiO2, Aldrich). The resultant turbid
suspension was placed in an oven at 100 °C for 5 min in order to obtain a clear suspension.
After, Solution A was added dropwise to solution Bin an ice-bath, under vigorous stirring.
The resulting clear suspension was aged at room temperature for 24 h under stirring followed
by dehydration using freeze-drying in order to adjust the desired water content. The
hydrothermal treatment was performed at 50 °C for 26 h. The crystalline product was diluted
with 80 °C double distilled water ddB, purified by centrifugation (20,000 rpm, 25 min) and
finally redispersed in dd¥D. Part of this nanosized Na-FAU suspension was freeze-dried for

further characterization and the rest was kept as suspension for post-synthetic modifications.

1.2 Postsynthetic modifications
1.2.1 lon-exchange

The as synthesised, Na-X zeolite suspension was ion-exchanged with copper (Il) nitrate
trihnydrate Cu(NQ@)2.3H20, iron nitrate nonahydrate Fe(M@9H.O and gadolinium (lll)
nitrate hexahydrate (Gd(NJ.6H.0. The ion-exchange procedure involved vigorous mixing
of metal ion solution with zeolite suspension at room temperature for 1 h, with the ratio of
5:1. This was followed by purification via centrifugation (at 20,000 rpm for 25 min) and
redispersion in dd¥D. The final pH of all prepared suspension was equal to 7.0. The detailed
information concerning ion-exchange processes with different metal solutions is described

within each chapter under experimental methods.
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2 Characterisation

It is crucial to understand the physical and chemical properties of synthesized zeolite
material in order to properly functionalise them for certain application. Therefore, the
importance of selecting appropriate, highly sensitive and accurate characterisation techniques
is highly recognized as they provide fundamental information about the prepared nanozeolite
systems. The toolbox of different characterisation methods was used since a solitary
technique is not fully representative for zeolites. The detailed information about employed

characterization techniques are provided in this chapter.

2.1 X-ray diffraction

Principle

This characterisation method employs X-rays, which are classified as electromagnetic
waves with energies varying from 100 eV- 10MeV to determine the crystal structure and
phase purity of crystalline materiéfs! A monochromatic, X-ray beam is pointed on the
crystalline sample at an angle (0) and interacts with the zeolite planes of atoms. Consequently,
following this beam-sample contact, the beam is being partly transmitted, absorbed, refracted,
scattered and difacted. Bragg’s law is applied to determine the distance between the planes
(dnk) of different atoms in the crystalline structure, basing on the relationships between the
angle (0) and the wavelength (1) of X-rays (Figure ). Depending on the type of atomic species
and their arrangement the X-rays are diffracted in a diverse manner, providing a specific
diffraction patterns for a particular crystalline material.

ni = 2d sin@

Incident beam Diffracted beam

Figure 9. Bragg’s Law, representation of a 2-dimensional crystal lattice.
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Zeolites are crystalline aluminosilicates which structure is formed by a network of three-
dimensional building blocks. Different kinds of zeolite have their own unique XRD pattern,
so-called “fingerprint”, used for phase and purity recognition. Attentive pattern interpretation
is required in order to obtain detailed information about the zeolite structure, namely, peak
position, intensity and width, which depend on the specific unit cell parameters, type of atoms
present and crystallinity/size respectively. The peak broadening is usually associated with the
presence of small nanocrystals, whereas very sharp peaks indicate high material crystallinity,

representative for micron sized crystals.

Experimental approach

In the present study, powder X-ray diffraction (XRD) experiments are carried on
polycrystalline materials in Debye-Scherrer geometry using a PANalytical X’Pert Pro
diffractometer with CuKa radiation (A = 1.5418 A). The powder samples were homogenized
finely and loaded in sample holders. The samples were scanned in 20 range of 4-50° with a
step size of 0.02°. Before analysis, the powders (ca. 20 mg) of the as-synthesized samples

were loaded on a silicon wafer.

2.2 Dynamic light scattering and zeta potential

Principle

Dynamic light scattering (DLS) is well-established technique to determine the size and size
distribution of particles in suspensions.> This method uses a monochromatic light beam,
(laser), that penetrates the solution containing spherical particles and measures the Brownian
motion. The latter isot only determined by the particle size, as larger particles scatter slower
than the smaller ones, but also by temperature and solvent viscosity. Doppler Shift occurs
when the light hits the moving particle changing the wavelength of the incoming light. This
change is related to the size of the particlée DLS measurement provides the information
about the average hydrodynamic diameter of particles in a suspension using the Stokes-

Einstein equation:

4o = kT
H_3T[T]D

where dy is hydrodynamic diameter, k is Boltzmann’s constant, T is absolute temperature, 1

is viscosity and D is translational diffusion coefficient.
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Additionally, using the same instrument the zeta potential of nanoparticles can be
determined. This technique measures the electrostatic repulsion/attraction among particles and
evaluates the stability of colloidal suspensions.”®! The stability depends on the size of
colloidal particles, for instance small particles will have a high zeta potential and thus high
stability as they are less likely to aggregate. In case of low zeta potential, the repulsion is
surpassed by the attractive forces and particles tend to coagulate. The zeta potential value
depends on the concentration, pH and conductivity of colloidal solution. Generally speaking,
the good stability of particles is declared when the zeta potential value is greater than +30 mV
and less than -30 mV.

Experimental approach

In all experiments presented in the thesis, the hydrodynamic diameters and stability of the
nanoparticles in the suspensions were determined with a Malvern Zetasizer Nano. The
analyses were performed on samples with original concentrations without any pre-treatments
of the colloidal suspensions. The back scattering geometry (scattering angle 173°, HeNe laser
with 3 mV output power at 632.8 nm wavelength) allows measurements at high sample
concentration, since a complete penetration of the incident light through the sample was not

required.

2.3 Gas physisorption

Principle

The gas adsorption is one of the most powerful and widely applied methods to study
physical adsorption and textural characterisation of porous materials. This technique deliver
information about surface area and pore volumes and sizes.”! The fundamentals of this
method are based on the adsorption of inert gases in most cases N2, Ar and CO> at constant
cryogenic temperatures over a range of pressures. Physisorption occurs when the adsorbate
gas (adsorptive) interact with the surface of a solid (adsorbent). During such process chemical
bonds are not being broken or formed as only van der Waals forces are involved.

An appropriate choice of adsorptive is very important for the purpose of obtaining reliable
structural analysis. Commonly, nitrogen adsorption at 77K has been employed for the
micropore size analysis of zeolites. However, it is becoming clear that nitrogen is not an ideal
adsorptive for microporosity evaluation, due to the presence of quadruple moment, which

influences the micropore filling. Therefore, argon at 87K should be used as a preferred gas for
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micropore characterisation of zeolites, but argon’s extremely high price suppress its utilisation
and for that reason nitrogen is still largely employed. The physisorption begins with sample
outgassing to remove physically adsorbed molecules from the material surface (mostly water)
without its modification, followed by gradual increase of adsorptive pressure and finishing
with pressure decrease. The information acquired is expressed in the form of
adsorption/desorption isotherms, where the quantity of adsorbed gas is presented as a function
of the relative pressure. The isotherms of a different shape are used to determine valuable
parameters, namely, surface area and pore structure. According to updated IUPAC

recommendations, the isotherms are classified into six types as presented in Figure10.1%

I(a) I(b)
(" = [’
1 11
I 3
A =
2
T | IV(a) IV(b)
2
3 Y /)t
(@4
V VI
/
{ y -~

Relative pressure (P/IR) ——

Figure 10. IUPAC classification of physisorption isotherf3.

The type I(a) and I(b) isotherms are characteristic for microporous materials with pore width

< 0.7 nm and 0.7 — 2 nm, respectively. Type II isotherms are found in non-porous or
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macroporous materials, govern by mono- and then multi-layer surface adsorption. Point B
usually indicates the completion of the monolayer coverage. Type III isotherm is also typical
for nonporous or macroporous solids, but in this case the lack of Point B indicates very weak
adsorbent adsorbate interactions. The adsorbed species are gathered around the most
favourable site on the adsorbent surface. Unlike to Type II isotherm, the amount adsorbed is
restricted at p/p°. Type IV(a) and IV(b) isotherms are representative for mesoporous materials,
where as in the previous case the difference between them is associated with the size of
mesopores. Regarding type IV(a) isotherm the hysteresis begins to appear for pores wider
than ~4 nm, whereas in case of type IV(b) isotherm the absence of hysteresis loop indicates
completely reversible process characteristic for mesopores of smaller width. Additionally,
type IV(b) isotherms appear when the analysis is performed on conical and cylindrical
mesopores that are closed at the tapered end. The shape of type V isotherm is comparable to
type III at low P/Po, indicating weak adsorbent-adsorbate interactions. However, with
increasing relative pressure the pore filling process begins, which is usually seen in case of
water adsorption on hydrophobic microporous and mesoporous solids. Type VI isotherm
represents typical layer-by—layer adsorption on nonporous surface.

In order to calculate the specific surface area of zeolite, the Brunauer-Emmett-Teller (BET)
method is applied.l'"!?! Despite its imperfection of theoretical assumptions, this technique

continues to be widely used.

Experimental approach

Nitrogen adsorption/desorption isotherms in this thesis were measured using Micrometrics
ASAP 2020 volumetric adsorption analyser. About 0.1 g of sample was degassed at 300°C
under vacuum overnight prior to the measurement. The external surface area (Sext / m?g’') and
micropore volume (Vmic / cm®g™) were estimated by t-plot method based on the Harkins-Jura
equation!'¥ using Silica-1000 (22.1 m?g" assumed) as a reference. The micropore and
mesopore size distributions of solids were estimated by Nonlocal Density Functional Theory

(NLDFT)!'* and Barret-Joyner-Halenda (BJH)!'* methods, respectively.

2.4 Thermal analysis

Principle

Thermal analysis method is employed to determine the physio-chemical changes of

zeolites at elevated temperatures. The main properties of a catalyst that could be analysed by
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this technique are stability, decomposition of organic molecules, dehydration, adsorption,
desorption etc.['®!8] There are two different types of thermal analysis; (i) thermogravimetric
analysis (TGA), which evaluates the change of sample weight as a function of
temperature/time, and (ii) differential thermal analysis (DTA) that correlates the difference in
temperature between the sample and inert reference material. Hence, the physio-chemical
transformations of the sample are temperature dependent they are usually supplemented with
the liberation or absorption of heat, which corresponds to exo- and endothermic reactions
respectively. Therefore, if the difference in temperatures (sample from the reference) is
plotted against time, exo- and endothermic curves appear which can be linked to particular

reactions occurring at specific time and temperature.

Experimental approach

TGA/DTA measurements of different samples were carried out on a SETSYS 1750 CS
evolution instrument (SETARAM). Prior measurement, the samples were placed in a
desiccator at around 70% humidity and stored overnight. About 15-20 mg of each sample was
introduced in an alumina crucible that was loaded in the analyser chamber. The sample was

heated from 30°C to 800°C with a heating ramp of 5°C/min under air (flow rate: 40 mL/min).

2.5 Scanning electron microscopy

Principle

Scanning electron microscopy (SEM) is a very common and practical approach when
examining the morphology, particle size and homogeneity of zeolite criy&talbe scanning
electron microscope is using a high-energy beam of electrons ejected from filardent an
focused into a small probe that is scanning over the surface of the sample. SEM micrographs
are generated as a result of transformed signal of low energy secondary electron ejaction fr
the sample surface. Further, the interaction of the electron beam with the atoms in the sample
induces atoms excitation, which results in the X-ray emission characteristic for different
specimen. This method, called energy-dispersive X-ray spectroscopy (EDS) can be used to

determine the general chemical composition of sample within specific area.

Experimental approach

The SEM characterization in this study was performed on small amounts of dried sample

in powder form. They were mounted on a specimen holder using double stick carbon tapes.
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To improve the electrical conductivity of the sample, they were coated with platinum using
CRESSINGTON 108 auto evaporative coating machine. SEM micrographs were recorded

with TESCAN Mira field-emission scanning electron microscope operating at 30 kV.

2.6 Transmission electron microscopy

Principle

The transmission electron microscopy (TEM) provides more detailed information about
crystal morphology thanks to the employment of high energy beam. This method allows
acquisition of sample monographs at very high magnification with high resolution, resulting
in in-depth textural analysis. Hence, TEM gives very comprehensive information about
material porosity and atoms arrangement, it can also be used to identify structural defects,
such as dislocations and stackihg.TEM, the high energy beam passes through a condenser
before hitting the thin layer of sample. After, the electrons penetrate the specimen giving rise
to a projection of a sample mass which is magnified by projector lens to obtain bright field
image. TEM instrument is usually equipped with an EDS device for determination of sample

composition.

Experimental approach

The TEM imaging and electron tomography were performed using a JEOL 2100F
microscope operating at 200 kV, equipped with a Cs probe corrector and a GATAN Tridiem
imaging filter. The zeolite samples were dispersed in ethanol (99.9%) and then a drop of
solution was deposited on a TEM nickel grid covered by a holey carbon membrane. The
emission current was kept constant at ~160 pA. The chemical composition of the observed

samples was determined by EDS analysis.

2.7 Inductively coupled plasmatomic emission spectroscopy

Principle

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is considered as the
most precise method for quantitative chemical analysis.['®! This technique can inspect up to 50
elements simultaneously and thanks to its sensitivity it can detect trace levels of components.
The sample introduced into spectrometer is atomised with argon into hot plasma, which

ensures electron excitation of elements. The excited sample emits light wavelengths
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characteristic for each element in the ultraviolet or visible region. Further, spectrometer
disperses the emitted light and separates the particular element emissions. The intensity of
emitted light is directly proportional to the concentration of each element in the analysed
sample. Special software is used in order to transform the electronic signal into

concentrations.

Experimental approach

The elemental analysis of all samples was performed by inductively coupled plasma—
atomic emission spectroscopy using an OPTIMA 4300 DV (Perkin—Elmer) instrument. The
standard sample preparation process is illustrated in Figure 11. The procedure involved the
following: (i) 50 mg of sample was dissolved in 3 ml of hydrofluoric acid (HF) (Sigma
Aldrich 40-45 %), (ii) 0.5 ml of mixture (HNO; : HCI = 1:3 v/v) was added and heated at
100°C for 1 h in polytetrafluoroethylene (PTFE) bottle, and finally (iii)) 10 ml of double
deionized water (ddH20) and 1.4 g of boric acid (H3BO3) were added. The resulted solution
was transferred to PTFE volumetric flask (100 mL), diluted with ddH>O up to 100 ml mark
and homogenised by shaking.

50 mg of solid sample + 0.5ml aqua

regia (HNQ,: HCI = 1:3 v/v) + 3ml HF 10ml of ddH,O + 1.4 g HBO,
Heated at 116C for 1 hrs, Sample solution transferred to
cooled down to RT 100 ml volumetric flask

Dilution with ddH,0O up to the mark,
s homogenisation by shaking for 3 hrs
Polytetrafluoroethylene

(PTFE) bottle

Figure 11. Sample preparation procedure for ICP-AE analysis.

2.8 Fourier transformed infrared spectroscopy

Principle

Fourier transformed infrared spectroscopy (FTIR) is a well-known characterisation tool for
zeolite structure investigation as well as identification of adsorbed species. This method
studies the transitions between vibrational levels due to absorption of molecules at specific
frequences (v).2% The distinct absorption frequency is influenced by the mass of atoms in the

molecule and the bond strength. The vibrational frequencies increase with increasing bong
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strength and with decreasing mass of the vibrating atoms. In fact, not all the vibrations are
infrared active due to the lack of change in the dipole moment. The dipole moment is
generated as the result of vibrations that are produced when infrared radiation is absorbed.
There are different types of infrared spectroscopy, such as diffuse reflectance (DRIFT),
transmission and attenuated total reflectance (ATR). The choice of appropriate method relays
on the type of material analysed and wanted structural information. In case of zeolites, the
transmission infrared spectroscopy mode is usually applied. For the purpose of measurement,
the sample has to be pressed into-selporting homogeneous wafers of about 20 mg. IR
enables to obtain quantitative information about the sample when the Lambert-Beer law is
applied, however for zeolites the determination of molar extinction coefficient can be very
problematic.

This technique also permits to acquire information about zeolite acidity and adsorption
capacity. The choice of probe molecule is of great importance, since depending on the
properties of the probe, diverse particularities about zeolite structure can be obtained. For the
purpose of this study different, biologically important gases,(Og) and NO) were selected

as probe molecules, to assess the adsorption capacity of modified zeolites.

Experimental approach

The IR spectra of prepared porous materials were recorded on a Nicolet Impact 410 FTIR
spectrometer equipped with a MCT detector in the range 400-5500 cm’'. Prior to the
measurement, the solid materials were grinded and pressed into self-supported, thin pellets
(ca. 20 mg cm™). They were placed in a standard LCS in-situ FTIR set-up and activated under
vacuum (approx. 10 hPa) using activation procedure presented in Figure 12. After cooling
to room temperature, a spectrum of the samples before adsorption was recorded for further
use as a reference. The CO2 and NO adsorption was performed at room temperature, whereas
the analysis for Oz at -196 °C. The probe molecules were introduced in small doses or
equilibrium (depending on the experiment) and the spectra were recorded. The OMNIC
version 7.3 SP1 program was used for data processing. The IR adoption details are written

under experimental session in each chapter.
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(@)

250°C

Figure 12. Activation procedure for (a) £and CQ adsorption (Chapter 4) and (b) for NO and
CQO, adsorption (Chapter 5).

2.9 Ultraviolet-Visible Spectroscopy

Principle

Ultraviolet-Visible spectroscopy (UV-Vis) is used to measure electronic transitions
between molecular orbital in the UV-Vis spectral region. During the measurement, sample is
subjected to high-energy electromagnetic radiation which produces different types of
electronic transitions, those are passed to the detector which measures the absorbance or
reflection of light (photons) at different wavelengtis. UV-Vis spectroscopy is widely
employed method for the qualitative or quantitative determination the optical properties of
different analytes. A quantitative way to determine the optical densities of an absorbing
species in solution is possible by using the Beer-Lambert law, where the amount of light

absorbed is proportional to the number of absorbing species.

Experimental approach

In this study the UV-Vis was applied for cells optical density measurements of various

microorganisms at 540 nm, using Jenway 6305 Spectrophotometer, UK.

2.10 Magnetic Resonance Imaging

Principle

The Magnetic Resonance Imaging (MRI) is a non-invasive diagnostic technique used for
medical investigation purposes. This method is based on the use of strong magnets and low-
energy radiofrequency signals that are able to provide information from certain atomic nuclei
within the body?? The atomic nuclei often used for imagining are hydrogen, sodium,
phosphorus and carbon-13. MRI is a very useful technique to examine internal body

structures and it is extensively applied for detection of abnormalities in the brain.
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Experimental approach

MRI studies were performed on a 7T Pharmascan® (Bruker) device available on the
Cyceron biomedical imaging platform. This device dedicated to the small animal is equipped
with a horizontal magnet, a cradle and two transmitting / receiving antennas adapted to the
heads of rats and mice. The data was acquired with Paravision 6.0.1 software (Bruker). This
method was used for glioblastoma, brain tumour detection as well as for blood volumg and O
concentration measurements after zeolite injection. More details about MRI are included in

the experimental part of chapter 5.
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Chapter 3- Application of Cu-FAU nanozeolites for

decontamination of surfaces soiled with the ESKAPE pathogens

Abstract

Antimicrobial resistance is a global threat with catastrophic forecasts in terms of human
and economic losses. The so-called ESKAPE pathogdfisterbcoccus species,
Staphylococcus aureusKlebsiella pneumonigeAcinetobacter baumaniiPseudomonas
aeruginosaand Enterobacterspecies) represent a range of species of particular concern
because they cause many serious hospital infections, and can show resistance toward
available commercial antibiotics. Copper-containing zeolite nanocrystals (10-30 nm) with
FAU-type structure (Cu-FAU), in the form of stable colloidal suspensions, were prepared at
high yield in the absence of organic templates and studied for their activity against ESKAPE
microorganisms. The materials were active against all six ESKAPE species. The survival of
Staphylococcus aureulebsiella pneumonia@and Pseudomonas aeruginogsm stainless-
steel coupons after direct treatment with the Cu-FAU zeolite suspensions was determined
quantitatively. Complete decontamination (5-log reduction in bacterial counts) was achieved
within 20 minutes forP. aeruginosaand within 10 minutes for thK. pneumoniaeandS.
aureus This result is significant, particularly for sanitization of surfaces in healthcare
settings, with the potential to initiate a new direction of research to help address the global

antimicrobial resistance threat.

1 Introduction

Colloquially known as the ESKAPE pathogeri)terococcusspecies,Staphylococcus
aureus Klebsiella pneumonigeAcinetobacter baumaniiPseudomonas aeruginosand
Enterobacterspecies have been identified by the Infectious Disease Society of America as the
microorganisms most commonly causing infections that can be resistant to antimicrobial
agents>? Antimicrobial resistance (AMR) is a naturally occurring evolution whereby
microorganisms are capable of withstanding treatment by antimicrobial agents. It is estimated
that about 700,000 people die each year due to drug resistant infections, with the potential for
this number to rise to 10 million deaths a year by 2050, succeeding the number of deaths by
cancer, causing economic losses of 100 trillion U3 light of this global crisis, research
into antimicrobial agents has begun to focus on ESKAPE pathogens as model targets. In this
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work, we use copper-containing zeolite nanocrystals for the first time as antimicrobial carriers
against ESKAPE pathogens. Moreover, we employ zeolites in the form of stable colloidal
suspensions for direct sanitization of surfaces.

Zeolites in the form of stable colloidal suspensions with a size of 100 nm or less were
developed in the early 19985The next 10-15 years saw a tremendous academic interest in
nanozeolites sparked by the opportunities to gain insights into zeolite crystallization
mechanisms and to prepare novel zeolite materials such as films and meribrmesver,
the unsustainable synthesis of nanozeolites, characterized by very low yields and abundant
use of structure-directing templates, gradually shifted research efforts towards developments
of other materials, for instance hierarchical zeolflea. breakthrough in nanozeolite research
was reported in 2012 with the synthesis of ultrasmall EMT-type zeolite from a template-free
system under mild conditions at a very high y#@ldhe approach used was recently applied
to prepare nanosized FAU-type zeolites, and the advantages of using these nanosized zeolites
in catalysis compared to a high quality commercial micron-sized zeolite were clearly
demonstrate®! The development of green and industrially-friendly methods for synthesis of
nanosized zeolites in the form of stable colloidal suspensions is now enabling their
exploration in more conventional application areas such as microbiology.

Zeolites have been used in antimicrobial applications after ion-exchange of an
antimicrobial metal, most often silv€rt®l Owing to their microporosity and high surface
areas, silver-exchanged zeolites slowly release silver ions in solution, creating a material with
long-term antimicrobial activit}t” Silver-exchanged zeolites in the form of zeolite supported
films or additives to polymers and polymer coatings have also shown potential for different
antimicrobial application882% Although silver has demonstrated antimicrobial activity
against a broad spectrum of microorganisms, concerns exist about the widespread use of
silver nanopatrticles in household products, cosmetics and textiles, leading to an observed
accumulation of silver in the environméfii. In addition, silver can easily be reduced to
metallic silver, which requires special treatment for use and could affect the activity of
materials. Copper is a cheaper and more stable metal than silver. It has attracted considerable
research interest in recent years, particularly in hospital seftfrfdsCopper has also been
hosted within zeolites for potential environmental applicati#tfs! Although the mechanism
of the antibacterial effect of copper cations is still not well understood, it has been suggested
that the metal cations enter the cells and damage the bacterial cell membranes through the

formation of reactive oxygen specié8.
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The aims of the present study were to evaluate the potential of using Cu-nanozeolite
suspensions against ESKAPE pathogens and to develop relevant microbiology methods to test
the antibacterial activity of Cu-nanozeolites. EMT- and FAU-type zeolites are the only
zeolites that have been prepared in the form of stable colloidal suspensions without the use of
organic template$8 FAU-type zeolite was selected in this work because of its more
extensive use in antibacterial studies. The activity of ultrasmall 10-30 nm Cu-containing
FAU-type zeolites (Cu-FAU) materials against six ESKAPE microorgani&Emigrococcus
faecalis (E. faecalis) Staphylococcus aureu$S. aureu} Klebsiella pneumoniagK.
pneumoniag Acinetobacter baumanii(A. baumann), Pseudomonas aeruginosé.
aeruginosa andEnterobacter cloacaéE. cloacag, and a standard reference microorganism,
Escherichia coli(E. col), was studied semi-quantitatively. Following this, the zeolite
suspensions were applied to stainless steel coupons fouled with bacteria to quantitatively
establish the survival @. aureusk. pneumonia@andP. aeruginosaand to assess the surface

decontamination potential of Cu nanozeolites.

2 Experimental

2.1 Synthesis of C&FAU

The template-free, nanosized FAU zeolite was prepared from a precursor mixture with the
molar composition: 9 N®: 1.1 AbOs: 10 SiQ: 77 HO.®! Firstly, solutions A and B were
prepared as follows: Solution A was made by dissolving 2.5 g of sodium hydroxide (NaOH,
97 %, Sigma-Aldrich) in 3.0 g of distilled water, followed by gradual addition of 0.297 g
aluminum powder (325 mesh, 99.5 %, Alfa Aesar). The mixture was stirred until a clear
solution was obtained. Solution B was prepared by dissolving 1.1 g of NaOH in 1.0 g of
distilled HO, followed by the addition of 10 g colloidal silica (Ludox-HS 30, 30 wt % SiO
Aldrich). The resultant turbid suspension was placed in an oven at 100 °C for 5 min in order
to obtain a clear suspension.

Solution A was added dropwise to solution B under vigorous stirring; solution B was kept
in ice during the addition. The resulting clear suspension was aged with stirring at room
temperature for 24 h followed by dehydration by freeze-drying to adjust the desired water
content. The hydrothermal treatment was performed at 50 °C for 26 h. The crystalline product
was diluted with hot distilled water (80 °C) and purified by centrifugation (20000 rpm, 25

min) and redispersion in distilled.B. Part of this nanosized Na-FAU suspension was freeze-
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dried for further characterization and the rest was kept as suspension for post-synthetic Cu
ion-exchange.

The Na-FAU zeolite suspension was ion-exchanged with copper (Il) nitrate trihydrate
Cu(NGs)2.3H:0 to prepare Cu-FAU. The ion-exchange procedure was carried out as follows:
50 mL of Cu(NQ@)2.3H.0 (99-104 %, Sigma-Aldrich) with a concentration of 0.008 M was
added to 10 mL of Na-FAU zeolite suspension (3.6 wt % zeolite) and vigorously stirred at
room temperature for 1 h. This was followed by purification via centrifugation and
redispersion in distilled water. The purification process was repeated twice under the same
conditions. After the second ion-exchange, the final samples were washed twice with distilled
water by centrifugation at 20000 rpm for 25 min, and re-dispersed in distd@dTHhe final
pH of the Cu-FAU suspensions was 7.0.

2.2 Characterisation methods

The crystal structure of the parent Na-FAU and the ion-exchanged zeolite Cu-FAU was
determined using a PANalytical X’Pert Pro diffractometer with Cu Ka. The morphology of
the synthesized materials was studied by scanning electron microscope (SEM) taken on
MIRA-LMH (TESCAN) supplied with a field emission gun. Further, the samples were
studied by transmission electron microscopy (TEM). TEM analysis was carried out using a
200 kV JEOL 2010 FEG electron microscope. Energy dispersive spectroscopy coupled with
the TEM instrument was used to study the Cu-FAU sample. The stability of the zeolite
suspensions at pH = 7.0 before and after the ion-exchange was measured by zeta potential
using a Malvern Zetasizer Nano instrument. The elemental analysis of the samples was
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using an
OPTIMA 4300 DV (PerkinElmer) instrument.

2.3 Microorganisms

Pseudomonas aerugino®NCTC 6749,Staphylococcus auredséCTC 6571 Enterobacter
cloacaeNCTC 10005Acinetobacter baumannNCTC 12156Klebsiella pneumoniablCTC
9633 andeEnterococcus faecalICTC 775 (ESKAPE pathogens) as wellEscherichia coli
ATCC 8739 (reference microorganism) were maintained on Nutrient Agar (Oxoid,
Basingstoke) at 5 °C and inoculated into 100 mL Nutrient Broth (Oxoid). For each

experiment and each culture, 2-4 colonies were inoculated into 100 mL Nutrient Broth
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(Oxoid) and grown overnight (22 £ 1 h) at 37 °C with agitation (180 rpm). Cells were
harvested by centrifugation (3600 rpm, 10 min) and washed once in 0.85% NaCl (Oxoid),
resuspended to optical density 1.0 at 540 nm (Jenway 6305 Spectrophotometer, UK) resulting

in a suspension concentration of 3.24 + 0.14xaBU mL™.

2.4 Semi-quantitative testing for microbial kill

E. faecalissuspension (2iL) was added to 5 mL of 2 mg ritlof Cu-FAU, whilst 25 pL
of the remaining strains were added to 5 mL of 1 mg'mi.Cu-FAU. The Cu-free FAU was
used for control experiments. The samples were incubated at 37 °C in a rotary shaker
incubator set to 150 rpm and a 20 pL sample was taken every 40 min over a period from 0O-
280 min for E. faecalisand every 20 min over a period of 0-140 min for all other
microorganisms. Each 20 pL sample was pipetted onto one segment of a thioglycollate agar
plate and a nutrient agar plate (Oxoid) which had been divided into eight segments. The
thioglycollate agar was prepared by mixing thioglycollate broth (Oxoid) with 1.2% wt
technical agar (Oxoid). All tests were carried out in duplicate and the experiment was
repeated. Plates were incubated at 37 °C overnight and examined for the amount of bacterial
growth following exposure to the Cu-FAU samples. A decrease in colony numbers was
apparent as time progressed but this was not scored. Kill was noted as the total absence of

colonies.

2.5 Survival of microorganisms on stainless-steel (SS) in the presenceFACu-

Following semi-quantitative analysis for microbial kM, aeruginosaK. pneumoniaend

S. aureuswere selected for assessing survival on SS in the presence of Cu-FAU. SS (316 2B)
2x2 cm coupons and polyethylene (PE) sheets (SLS, Nottingham, UK) cut to 2x2 cm were
soaked in ethanol for 30 minutes, washed with sterile distilled water and left to dry for 90
minutes in a class two cabinet (BH-EN 2003, Faster, Cornaredo). 50 puL of bacterial culture
was placed onto a SS coupon, spread using the end of a sterile pipette tip, and left to dry on
the surface for 90 minutes in a class two cabinet. Once dry, 50 pL of Cu-FAU was pipetted
onto the SS, and a 2x2 cm piece of polyethylene was placed on top of the inoculum to ensure
the liquid was evenly distributed over the SS coupon. At the appropriate sample time, the SS
coupon with PE sheet was dropped into 10 mL of neutralizing buffer (15 g Tween80 (Sigma-
Aldrich, Dorset) and 30 g Soya Lecithin (Optima Healthcare Lecithin, Holland and Barrett,
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UK) dissolved in 1 L of distilled wateB8 The role of this neutralizing buffer was to halt the
antibacterial action of copper at the appropriate time point. Neutralizing buffer was then
vortex-mixed for 30 sec to remove the polyethylene from SS and remove any cells from the
surface into the liquid. The bacterial suspension was then diluted 10-fold (1 mL into 9 mL of
sterile physiological saline), seven times, to a concentration obflthe original suspension.

100 pL of each dilution was pipetted out in duplicate on nutrient agar and spread evenly
across the agar surface. Plates were incubated for 18 h at 37 °C, after which the number of
colonies was counted to calculate CFU-mIime points sampled were 0, 5, 10, 20, 40 and

60 minutes. All samples were duplicated and the experiment was repeated.

3 Results and discussion

FAU-type zeolite was prepared in the absence of organic template as described
previously®®! TEM images indicated that the sample was fully crystalline with crystallites in
the size range 10-30 nm (Figure 13). The zeolite nanocrystals are well-shaped and most of
them exhibit the typical octahedral morphology with well-developed faces. Depending on
crystals orientation on the grid, they appear as bi-pyramidal, isometric or even plate-like. Cu
was introduced into the FAU-type zeolite by an ion-exchange approach. Elemental analysis
indicated that 75% of Na was exchanged resulting in 11 wt % Cu content in the Cu-FAU
sample (Table 1). The Cu-exchange did not affect the Si/Al ratio, which was 1.2 for both Na-
FAU and Cu-FAU zeolites. TEM showed that the ion-exchange did not affect the zeolite
crystallinity, crystal size or shape (Figure 13b). This conclusion was further confirmed by
XRD and SEM analysis. XRD patterns of the Na-FAU and Cu-FAU were typical of the FAU-
type zeolite with similar intensity of the XRD peaks indicating that the zeolite structure was

preserved during the Cu ion-exchange (Figure 13c).
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Figure 13. TEM images of (a) Na-FAU and (b) Cu-FAU (scale bar= 20 nm)(@ndRD patterns of Na-

FAU (i) and Cu-FAU (ji).
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Table 1. Chemical analysis of prepared FAU zeolite samples.

Na Cu Al Si
Sample name Si/Al
(wt. %) (wt. %) (wt. %) (wt. %)
Na-X 1341 - 1459 1810 1.24
Cu-X 4.80 11.08 14.73 17.38 1.18

The SEM images showed that the zeolite crystallites were well-shaped with a narrow

particle size distribution in both Na-FAU and Cu-FAU samples (Figuye 14

Figure 14. SEM images of (a) Na-FAU and (b) Cu-FAU samples (scale bar = 500 nm).

The Cu content in the zeolite crystals was determined based on EDS (Figusgifhe
copper signal coming only from the zeolite particles since Ni-grids were used to prepare the
samples. Under prolonged exposure of the crystals to the e-beam (1 minute), the Cu

nanoparticles were reduced and aggregated as shown in the Figure 16.
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Table 2. Chemical composition of FAU samples retrieved from EDX.

Na Cu Al Si
Sample name Si/Al

(Wt. %) (WL %) (Wt %) (Wt %)

Na-X 11.84 - 3136 568 181

Cu-X 2.1 117 34.2 52.0 1.52

Figure 16.HRTEM images taken on same Cu-FAU zeolite crystals after (a) 20 sec) &tdsgc
(scale bar = 20 nm)

The colloidal stability of the prepared zeolite suspensions is of paramount importance for
the application of the materials to treat surfaces. The stability of the zeolite samples was
studied using zeta potential measurements (Figure 17a). Usually, a zeta potential threshold
value of+ 30 mV is used to measure stability; values above this threshold value indicate
colloidal stability. The zeta potential of the zeolite suspensions varied between -41.5 mV and
-45.6 mV for Na-FAU and Cu-FAU, respectively, indicating that both suspensions were
colloidally stable. The colloidal stability of the samples can be seen clearly from the digital
images in Figure 17a, inset. In addition, the samples did not aggregate upon storage for at
least 3 months. After Cu ion-exchange, the suspension was a light-bluish color. DLS results
(Figure 17b) indicated a monomodal particle size distribution, which was similar for the Na-
FAU and Cu-FAU samples.
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Figure 17.(a) Zeta potential and (b) DLS curves of Na-FAU (solid line) and Cu-FAUe@dne) samples;
Inset: digital images of the Na-FAU (white) and Cu-FAU (blue) zeolite suspensions

The antibacterial properties of the Cu-FAU suspensions were firstly studied using our
previously developed semi-quantitative method Vttcoli as a reference microorganisii.
The Cu-free samples (Na-FAU) were used as controls throughout this work and they showed
no antibacterial activity in all experiments. In our previous work, we used Ag-loaded EMT
zeolites with zeolite concentrations of 0.5 mg ¥ Killing times were achieved within
less than 10 minutes depending on the Ag content and the Ag form, metallic or ionic. Initial
experiments using Cu-FAU with zeolite concentrations of 0.5 mg i not kill E. coli
quickly enough (within 15 minutes) to provide a viable testing method, for which reason the
concentration in all further experiments was doubled to 1 mg. r8imilarly to our previous
results, the use of thioglycollate agar as a growth medium was important to halt the
antibacterial action of Cu at the corresponding sampling time (Figyrd&=18oli was killed
within 35 min when thioglycollate agar was used and within 20 min using nutrient agar.
These experiments indicated that the Cu-exchanged ultrasmall zeolites had lower antibacterial
activity compared to Ag-exchanged ultrasmall zeolites. We have reported similar trends for

FAU-type zeolites prepared from fly ash after ion-exchange with Ag ar¢f!Cu.
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Figure 18. Spot inoculation oE. colionto (left) nutrient agar and (right) thio-neutralizing agar following 5
minute interval exposure to the Cu-X suspension. Each drawn segmiet plates above corresponds to five
minutes sampling time; the first sample (top) is taken directly aftang{® min) with clockwise inoculation
over time.

After optimization of the semi-quantitative tests in terms of zeolite concentrations using
the referencé&. coli, experiments continued using ESKAPE microorganisms. Typical images
of the thioglycollate plates after incubation are shown in Figure 19 with the average killing
times summarized in the accompanying histogram (Figure 20). All experiments were
performed in duplicates and repeated. Also, experiments were performed with Cu-FAU
suspensions from different batches to test reproducibility; similar results were obtained when
samples from different batches were ugediaecalisshowed increased time to kill compared
to the other ESKAPE microorganisms. Such increased time t&.Kidlecaliscompared tde.
coli andP. aeruginosavas also observed in our previous work using Ag-exchanged zeolite
prepared from fly ask® Doubling the Cu-FAU concentration to 2 mg thand increasing
the sampling time to 40 min indicated that Cu-FAU reducecEthimecalisviable cells and
had the potential to kill this microorganism as well, although to a less extent compared to the
other ESKAPE microorganisms (Figure)19
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Figure 19. Spot inoculation of ESKAPE microorganisms following exposure to th€ &l suspension.
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Figure 20. Summary of the average killing times determined in the semi-quantitative tests.
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After establishing the potential of Cu-FAU colloidal suspensions to deactivate ESKAPE
microorganisms, quantitative tests were designed to determine the survival of selected
microorganisms on stainless steel coupons. The introduction of copper alloy surfaces in
intensive care units has been shown to decrease rates of healthcare-acquired i8fections.
However, the replacement of surfaces is not always appropriate / possible and deactivation of
fouled surfaces by simple spraying, which is applicable to all types of surfaces, seems a much
more elegant approach. Stainless steel has been selected in this study as one of the most
relevant surfaces in healthcare settings. Based on the semi-quantitative tests (Figure 19), three
key ESKAPE microorganisms were selected to study the capacity of Cu-FAU to act as a
surface decontamination agent, nami€lypneumoniadshortest killing time)P. aeruginosa
(middle killing time) andS. aureus(longest killing time amongst the microorganisms that
died). In these experiments, bacterial cultures (Bp were inoculated and left to dry on
stainless steel coupons. Coupons were then treated with 60Cu-FAU. At the appropriate
sample time, 0, 5, 10, 20, 40 or 60 minutes, the coupons were dropped into a neutralizing
buffer to halt the activity of Cu and the remaining viable cells on the surface were determined
by the serial dilution methd® Complete kill was achieved within 20 minutes fBr
aeruginosaand within 10 minutes for th€. pneumonia@ndS. aureugFigure 2). Bacterial
cells survived on the surfaces when treated with Na-FAU. These results indicate that Cu-FAU

suspensions can be used for surface treatment to deactivate ESKAPE microorganisms.
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Figure 21. Survival of bacterial strains on stainless steel coupons: (a) S. aurgfisp(i@umoniae, and (c)
P. aeruginosa.
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4 Conclusions

Ultrasmall Cu-FAU zeolite crystals were prepared in the form of stable colloidal
suspensions. The Cu-FAU zeolites showed activity agd&nstoli and all six ESKAPE
microorganisms, as determined by a semi-quantitative drop test. The survival of three selected
ESKAPE microorganisms on stainless-steel surfaces treated with Cu-FAU was studied
quantitatively. None of the three microorganisms survived the Cu-FAU treatment. This result
is significant considering the urgent need for new antimicrobial drugs, especially drugs that
are effective against Gram-negative pathogens suéts@asdomonas aerugingddlebsiella
pneumoniaeand Acinetobacter baumandi® The use of Cu-FAU colloidal suspensions to
inactivate ESKAPE pathogens on surfaces, particularly in healthcare settings, could lead to
the significant reduction of bacterial infections, thus reducing the need for antibiotics

tfreatment.

63



5 References

[1] H. W. Boucher, G. H. Talbot, J. S. Bradley, J. E. Edwards, D. Gilbert, L. B. Rice, M.
Scheld, B. Spellberg, J. Bartlett, Clin. Infect. Dis. 48 (2009) 1-12.

[2] J. N. Pendleton, S. P. Gorman, B. F. Gilmore, Expert Rev. Anti Infect. Ther. 11 (2013)

297-308.

[3] J. O'Neill (Chair), The Review on Antimicrobial Resistance, Wellcome Trust, London,
2006.

[4] B.J. Schoeman, J. Sterte, J.-A. Otterstedt, J. Chem. Soc., Chem. Commun. (1993) 994-
995.

[5] S. Mintova, M. Jaber and V. Valtchev, Chem. Soc. Rev. 44 (2015) 7207-7233.

[6] W. Schwieger, A. G. Machoke, T. Weissenberger, A. Inayat, T. Selvam, M. Klumpp, A.
Inayat, Chem. Soc. Rev., 2016, 45, 3353.

[7] E.-P. Ng, D. Daniel Chateigner, T. Bein, V. Valtchev, S. Mintova, Science 335 (2012)
70-73.

[8] H. Awala, J.-P. Gilson, R. Retoux, P. Boullay, J.-M. Goupil, V. Valtchev, S. Mintova,
Nat. Mater. 14 (2015) 447-451.

[9] P. Lalueza, M. Monz6n, M. Arruebo, J. Santamaria, Chem. Commun. 47 (2011) 680-
682.

[10] L. Ferreira, A. M. Fonseca, G. Botelho, C. Almeida-Aguiar, I. C. Neves, Microporous
Mesoporous Mater. 160 (2012) 126-132.

[11] P. Saint-Cricq, Y. Kamimura, K. Itabashi, A. Sugawara-Narutaki, A. Shimojima, T.
Okubo, Eur. J. Inorg. Chem. (2012) 3398-3402.

[12] C. Carolina, B. J. Carlos, B. M. L. Zapata, Z. J. Manuel, Microporous Mesoporous
Mater. 188 (2014) 118-125.

[13] Y. Zhou, Y. Deng, P. He, F. Dong, Y. Xia, Y. He, RSC Adv. 4 (2014) 5283-5288.

[14] B. Dong, S. Belkhair, M. Zaarour, L. Fisher, J. Verran, L. Tosheva, R. Retoux, J.-P.
Gilson, S. Mintova, Nanoscale 6 (2014) 10859-10864.

[15] S. A. Hanim, N. A. N. N. Malek, Z. Ibrahim, Appl. Surf. Sci. 360 (2016) 121-130.

[16] V. V. Singh, B. Jurado-Sanchez, S. Sattayasamitsathit, J. Orozco, J. Li, M. Galarnyk, Y.
Fedorak, J. Wang, Adv. Funct. Mater. 25 (2015) 2147-2155.

[17] Y. Matsumura, K. Yoshikata, S. Kunisaki, T. Tsuchido, Appl. Environ. Microbiol. 69
(2003) 4278-4281.

[18] K. A. Rieger, H. J. Cho, H. F. Yeung, W. Fan, J. D. Schiffman, ACS Appl. Mater.
Interfaces 8 (2016) 3032-3040.

[19] S. Belkhair, M. Kinninmonth, L. Fisher, B. Gasharova, C. M. Liauw, J. Verran, B.
Mihailova, L. Tosheva, RSC Adv. 5 (2015) 40932-40939.

[20] M. M. Cowan, K. Z. Abshire, S. L. Houk, S. M. Evans, J. Ind. Microbiol. Biotechnol.
30 (2003) 102-106.

[21] C. Marambio-Jones, E. M. V. Hoek, J. Nanopart. Res. 12 (2012) 1531-1551.
[22] G. Grass, C. Rensing, M. Solioz, Appl. Env. Microbiol. 77 (2011) 1541-1547.

64



[23] M. Vincent, P. Hartemann, M. Engels-Deutsch, Int. J. Hyg. Environ. Health. 219 (2016)
585-591.

[24] R. Tekin, N. Bac, Microporous Mesoporous Mater. 234 (2016) 55-60.
[25] J. Behin, A. Shahryarifar, H. Kazemian, Chem. Eng. Technol. 39 (2016) 2389-2403.

[26] L. Tosheva, A. Brockbank, B. Mihailova, J. Sutula, J. Ludwig, H. Potgieter, J. Verran,
J. Mater. Chem. 22 (2012) 16897-16905.

[27] C. Ning, X. Wang, L. Li, Y. Zhu, M. Li, P. Yu, L. Zhou, Z. Zhou, J. Chen, G. Tan, Y.
Zhang, Y. Wang, C. Mao, Chem. Res. Tox. 28 (2015) 1815-1822.

[28] L. Fisher, S. Ostovapour, P. Kelly, K. A. Whitehead, K. Cooke, E. Storgards, J. Verran,
Biofouling 30 (2014) 911-9109.

[29] C. D. Salgado, K. A. Sepkowitz, J. F. John, J. Robert Cantey, H. H. Attaway, K. D.
Freeman, P. A. Sharpe, H. T. Michels, M. G. Schmidt, Infect. Control Hosp.
Epidemiol. 34 (2013) 479-486.

[30] R. Tommasi, D. G. Brown, G. K. Walkup, J. I. Manchester, A. A. Miller, Nat. Rev. 14
(2015) 529-542.

65



Chapter 4- Nanosized zeolites as a theranostic tool to oxygenate
and visualize aggressive brain tumours with magnetic resonance

imaging

Abstract

Hypoxia is recognized as a major cause of resistance to radiotherapy in many types of solid
tumours, including glioblastoma. Herein, we report a new approach based on the use of metal-
containing micro-porous crystalline nanoparticles (nanosized zeolite) as a specific
hyperoxic/hypercapnic gas carrier. First, the absence of acute and chronic toxicity of
nanosized zeolites crystals in living animals (mice, rats and non-human primates) is
confirmed. The nanosized zeolite particles act as a vasoactive agent for a targeted re-
oxygenation of the tumour. Furthermore, thanks to the low amount of metals (either
gadolinium or iron) introduced in the nanosized zeolite particles, they are used as a contrast
agent for visualization of the tumour and tracking of the nanocrystals by magnetic resonance
imaging (MRI). Our work thus provides the first proof of concept for the use of metal-
containing nanosized zeolites as a theranostic tool for (i) diagnosis and (ii) vectorization of
hyperoxic/hypercapnic gases in glioblastoma.

1 Introduction

Even with aggressive conventional therapies for the treatment of glioblastoma (GB), the
most aggressive primary brain tumbuthe median survival of patients remains around 15
months®? Hypoxia, a hallmark of many solid tumours, including &Bs defined as the
imbalance between oxygen supply and tissue consumption. This inadequate oxygen supply is
caused by an inefficient gas transfer from the atypical tumour vascularization to the cancer
cells, which exhibit a high metabolic rate associated to an elevated oxygen demand. It has
been long recognized that hypoxia is a factor of poor prognosis f&f GB.

Hypoxia triggers adaptive survival mechanisms in cancer cells, promoting tumour
growth® and resistance to treatments, including radiotherapy (RT) and photodynamic therapy
(PDT), two clinically approved anti-cancer treatment that generates cytotoxic reactive oxygen

species (ROS) in the presence of molecular ox{jétence, it would be of great interest to

66



develop a novel method to specifically increase oxygen level into the hypoxic tumour and
image the tumour.

A number of approaches have been developed to reduce hypoxia in tumours including,
oxygen or carbogen (a mixture composed of 5% ®&lanced with 95% £) breathing.
However, the overall results were unsatisfactory in terms of sensitization to RT in brain
tumours?®l Using multiparametric magnetic resonance imaging (MRI) to simultaneously
assess cerebral blood volume (CBV) and tissue oxygenation, we have recently demonstrated
that carbogen increased the CBV and the oxygenation in the healthy brain at the expense of
the tumour?!

Due to the abnormal architecture and structure of the tumour vasculature and the lack of a
functional lymphatic systet® various nanoparticles (NP) of different chemical natures have
been investigated as carriers of contrast agents and anti-cancer compounds owing to their
ability to preferentially target tumouls:*? Moreover, several NP have also been developed
to enhance tumour-specific RT efficacy and reduce collateral damage of healthy tissues.
These include metal-containing NP taking advantage of the Auger &HEENP that reduce
the cancer cell's ability to repair itself from damage caused bR NP that protect
surrounding healthy tissue by reducing oxidative sfféssnd in-situ oxygen generating
NP 281 However, few were designed to locally and specifically deliver gasean@®CQ)
in the tumour. Even if micron-sized particles carrying approximately five times more oxygen
that human red blood cells and liposomes designed to encapsulate hemoglobin for the
delivery of oxygen in colorectal cancers were recently proposed, their use to alleviate hypoxia
in brain tumours is not satisfactory because of their large diafffeter.

Among nanopatrticles, zeolites with their exceptional chemical selectivity, high sorption
capacity and absence of toxici§;?®! are now increasingly considered for biomedical
useé?”?8 including cancer treatmele 3! Zeolites are crystalline, porous materials made of
interconnected TOtetrahedra, where T atoms are represented by Si and Al. They hav
regular framework structures composed of cages and pores of various size and!shape.
Despite of the interest in the preparation of nanosized zeolites, only 24 out of the 239
structures known have so far been synthesized with nanosized dimensions and stabilized in
colloidal suspension®¥ The regular pores of the zeolites are able to adsorb and desorb
different molecules, allowing them to act as molecular sieves and hosts for various gases
including NO, CQ and Q.33 The tuneable chemical composition of these crystalline
materials allows them to adapt to different chemical environments and thus to exhibit high

stability in acidic and alkaline media. In addition to the unique properties of zeolites, the
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introduction of different metal cations (Fe, Gd) within the nanosized zeolites can change their
functioning, and thus considerably increase the interest of zeolite NP as a theranostic tool for
imagind®® and gases transport applicati¢iis. Therefore, it is interesting to explore
nanosized zeolites as gas carriers to purposely target hypoxia in GB and as a contr&st age
image the tumour.

Herein, we present an original approach to specifically and efficiently delivan@or
COe to tumours via metal-containing nanosized zeolite crystals with FAU-type structure to
further improve oxygenation and/or blood volume. Gadolinium (Gd) and iron (Fe) have been
incorporated into the FAU-type nanosized zeolite structure via ion exchange and stabilized in
water suspensions in order to be delivered by intravenous injection and, thereafter, traced.

2 Materials and Methods

2.1 Preparation of nanosized faujasite X (Na-X) type zeolite

Stable suspension of discrete nanosized zeolite (Na-X) from colloidal precursor suspension
under hydrothermal condition was prepared according to a recently published pr&€edure.
The as-prepared precursor suspension for Na-X zeolite was aged at room temperature for 24
hours, followed by dehydration using freeze-drying method prior hydrothermal treatment at
50 °C for 26 h. After the hydrothermal treatment, the zeolite nanoparticles were purified by

six step centrifuge (24,500 rpm, 45 min) and redispersed in double distilled water till pH of 7.

2.2 lon exchange of nanosized faujasite X {Klatype zeolite

The purified zeolite suspensions (pH=7) were ion exchanged with gadolinium (Ill) nitrate
hexahydrate Gd(N§)s.6H20 and iron nitrate nonahydrate Fe(§$0H-O.

25 mL of Gd(NQ)3.6H.O or Fe(NQ@):.9H.O (3 mM) were added to 5 mL Na-
suspension (2.5 wt%). The suspensions were then kept under stirring at room temperature for
1 h and then washed by double distilled water. This procedure was repeated three times to
obtain finally the suspensions of ion-exchanged gadolinium (Gd-X) and iron (Fe-X)

nanosized zeolites; pH=7
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2.3 Powder X-ray diffraction (XRD) analysis

Powder samples were measured using a PANalytical X'Pert Pro diffractometer with CuKa
monochromatized radiation (A = 1.5418 A). The samples were scanned in the range of 4-50
°20 with a step size of 0.02 °.

2.4 Transmission electron microscopy (TEM)

The crystal size, morphology and crystallinity of samples were determined by a
transmission electron microscopy (TEM) using a JEOL 2010 FEG and a FEI LaB6 TECNAI
G2 30UT operated at 200 kV and 300 kV, respectively. Energy Dispersive Spectrometer
(EDS) coupled with both microscopes was used to determine the chemical composition of the

zeolite nanocrystals.

2.5 Dynamic light scattering (DLS) and zeta potential analysis

The hydrodynamic diameter of nanosized zeolite particles in water was determined using
Malvern Zetasizer Nano. The analyzes were performed on samples after purification with a
solid concentration of 1 wt %. Additionally, the surface charge of zeolite nanocrystals was

determined by measuring the zeta potential value of the same suspensions.

2.6 N sorption analysis

Nitrogen adsorption/desorption isotherms were measured using Micrometrics ASAP 2020
volumetric adsorption analyzer. Samples were degassed at 250 °C under vacuum overnight
prior to the measurement. The external surface area and micropore volume were estimated by
alpha-plot method using Silica-1000 (22.% gn-1 assumed) as a reference. The micropore
and mesopore size distributions of solids were extracted from adsorption branch by the
Nonlocal Density Functional Theory (NLDFT) and from the desorption branch using the
Barret-Joyner-Halenda (BJH) algorithm, respectively.

2.7 In-situ adsorption of C&and Q on nanosiedzeolites

Powder samples of as prepared and ion-exchanged zeolites were presséeh)-~ifitb

self-supported disks (2 énarea, 20 mg.cr). Fourier-transform infrared~[TIR) spectra were
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recorded using a Nicolet 6700 IR spectrometer equipped with a mercury cadmium telluride
(MCT) detector and an extended KBr beam splitter. Spectra were recorded in the 400—5500

cmit range at 4 chhwith 128 scans. Thia situ was evacuated or flooded with different gases

and also heated up to 577 °C was used. The samples were activated at 225 °C for 2 h under
vacuum. Various amounts of GQat 25 °C) or @ (at -196 °C) were introduced into the cell

and kept in equilibrium for 5 minutes at the corresponding temperatures before recording each
spectrum. All the spectra wetiermalized to the sample’s mass and plotted as absorbance per

gram over the wavelength.

2.8 Chemical analysis

The chemical composition of as prepared and ion-exchanged zeolites was determined by
inductively coupled plasma (ICP) optical emission spectroscopy using a Varian ICP-OES
720-ES.

2.9 Release of oxygen in aqueous and hypoxic conditions

A hypoxia chamberll VIVO2 500, 3M) was used to obtain a stable and controlled gas
composition of the atmosphere with a precision of 0.19bYadapting the amount of2N
Phosphate buffered saline (PBS, Sigma-Aldrich) solution was equilibrated with the gas
mixture contained in the hypoxia chamber for 1 h prior to the experiment. A closed reaction
vessel containing 12 ml of equilibrated PBS at 37 °C was used, and a dissolved oxygen sensor
(SevenGo (Duo) pro™ / OptiOx™, Mettler Toledo) was placed inside the hypoxia chamber.

Prior to experiments, baseline was established by measuring the oxygen saturation in the
system for 30 min. Nanosized zeolites were then added to the system (500 pl, 1 wt.%) and
oxygen dissolved in the PBS solution was measured continuously for 1h. The oxygen release
capacity of as prepared and ion-exchanged zeolites was compared to oxygen-satueated wat
(used as reference). The oxygen release capacity of Na-X nanosized zeolites wdsastudi
various levels of oxygen in the atmosphere (21, 5, 1 and 0.1%.of O

2.10 Cell lines

A human glioblastoma cell line, U87-MG purchased from American Type Culture
Collections (ATCC, Manassas, VA, USA) and HEK 293 cells (Human Embryonic Kidney
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cells) were used. Cells were cultured in DMEM (Sigma-Aldrich, France). bEnd.3 mouse brain
endothelial cells were purchased from ATCC (Manassas, VA, USA) and cultured in high
glucose (4500 mg/l) DMEM (Sigma-Aldrich, France).

DMEM was supplemented with 10% foetal bovine serum (Eurobio, France), 2 mM
glutamine (Sigma-Aldrich, France) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich,
France). Cells were maintained in culture at 37°C with 5% & 95% humidity.

2.11 Primary culture of astrocgs

Cerebral cortices were isolated from neonatal (1 to 3-day-old) mice (Swiss, CURB,
France) carefully stripped of the meninges and dissociated to generate a single-cell
suspension. Cultures were allowed to grow in a humidified 5% iG@€ubator at 37 °C to
confluency (15-20 days) prior to use in DMEM supplemented with 10% foetal bovine serum
(Eurobio, France), 10% horse serum (Eurobio, France), 2 mM glutamine (Sigma-Aldrich,
France) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich, France). At about 80%

confluence, the growth medium was replaced by the same medium.

2.12 Primary cultures of cortical neurons/astrocytes

Cultures were prepared from EESL6 mouse embryos (Swiss mice; CURB, France).
Microdissection of cortices was followed by a dissociation of the tissue in a 37°C DMEM
(Sigma-Aldrich, France). Cells grew on plates coated with poly-d-lysine (0.1 mg/ml) and
laminin (0.02 mg/ml) in DMEM supplemented with 5% foetal bovine serum, 5% horse serum
(Eurobio, France), and 2 mm glutamine (Sigma-Aldrich, France). Cells were maintained in a
humidified 5% CQ atmosphere at 37°C. Neurons were used afterid Zitro.

2.13 Cells exposure to nanosized zeolites

Cells were exposed to zeolites (Na-X, Fe-X and Gd-X) for 48h. Zeolites were diluted in
culture medium at a concentration of 1, 10, 50 or 100 pg/ml and added directly into the wells.
Control tests (distilled water) in the wells with same volumes were performed.

The concentration range to test was determined using the following assumption: the

average blood volume of a rat is ~64mL/kg. Given that 250-300mg animals were used in the
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in vivo experiments, the rats had 16-19 ml of blood. 300 ul of a 1% wt. solution, which is 3
mg of material, equates to ~156-188 g zeolite/mL of blood.

2.14 Cells viability

Cells were seeded in 24-wells plates to achieve 80% confluency for the control on the day
of the analysis. Cell viability was assessed 48h following the exposure to zeolites with the

WST-1 assay (Roche, France) according to manufacturer's instructions.

2.15 Injection in healthyanimals

Intraperitoneal injections of 100 pl zeolite suspensions (1wt.% Na-X or Gd-X zeolites)
and water as a control were performed in Swiss mice (Janvier laboratory, France) for 5
consecutive days. Animals were weighted every 24 hours for 30 days. At the end of the
experiment, the spleen, the liver and the kidneys were removed and weighted.

300 pl of the C@loaded Gd-X (1wt.%) or pure water as a control were intravenously
injected in healthy Wistar rats (Charles-River laboratory, France). Then, blood samples were
then collected every 5 minutes via an arterial catheter and th@&al pressure and the pH

of the collected samples using a RapidLab 348 analyzer (Siemens, Germany) were measured.

300 pl zeolite suspension (1wt.% Fe-X) or water as a control were intravenously injected
in healthy Wistar rats (Charles-River laboratory, France). 1 or 3 days later, the liver, the
spleen, kidneys and the brain were fixed and then cryoprotected by immersion in a 30%
sucrose solution (Sigma, France) for 48 h, befarmge at —80 °C. The Fe-X zeolite crystals
on 20um-thick slices using Prussian blue staining were detected. Slices were incubated with
2% potassium ferrocyanide (Perl's reagent, Sigma, France) in 2% HCI, washed and

counterstained with eosin.

2.16 Detectionof Gd-X zeolite nanocrystals with MRI

Experiments on tumour bearing rats were performed. After a scout view and a T2w-
RARES scan, 300 ul Gd-X suspension (1wt.%) was administered intravenously; T1w-FLASH
images (TR/TEeff= 500/10.32 ms; NEX=1; 10 slices; resolution = 0.15x0.15x13% mm

acquisition time= 2 min) were obtained prior to and every 2 min following the injection.
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2.17 Fractional cerebral blood volume maps.

For the imaging protocol, after a scout view and a T2w-RARES8 scan, fractional cerebral
blood volume (fCBV) at equilibrium was measured as previously descfibedor to the
injection of the contrast agent, five T2*w (TR= 20,000 ms, NEX= 3, 50 contiguous slices,
resolution =0.3 x 0.3 x 0.3 mm) and four T2w (TR= 20,000 ms, NEX= 3) images (echo
planar imaging: EPI) with various echo times (TE for T2*w= 12, 15, 18, 21, and 24 ms and
for T2w= 40, 60, 80, and 100 ms, respectively) were acquired. An intravenous administration
of P90# (200 pmol.kgt, Guerbet Research) was performed, and T2*w images (TE= 12 ms)
before and every 5 min for 1h after intravenous administration of 300 pl of gas loadéed Gd-
(1wt.%) were acquired. Consequently, for each animal, f{CBV maps were obtained under two
conditions: baseline and after administration of gas loaded Gd-X zeolite. Image analysis with
in-house developed macros based on the ImageJ software (http://rsb.info.nih.gov/ij/, 1997
2014) was performed as previously descried.

Following the injection, the T2* signal in the healthy and tumour tissue for all groups
decreased. This was due to an elimination of the contrast agent used in the protocol for the
guantitative measure, resulting in an artefactual decrease GBMeA comparison with the

control group was performed and the data were normalized.

2.18 Oxygen saturation maps

Oxygen saturation (SatD maps reflecting the percentage of hemoglobin binding sites
occupied by oxygen in the bloodstream were computed as previously de&tiiyadly, the
SatQ maps as a function of the T2*w signal after correction of inhomogeneities of magnetic
field (BO), blood volume fraction, and T2 effects were calculated (resulting Sat@es in a
healthy brain tissue is around 70%. Satdaps before and after administration of gas loaded

Gd-X zeolite for each animal were generated.

3 Results and discussion

3.1 Properties of nanosized zeolites

The three zeolite sample (Na-X, Gd-X and Fe-X) with a large supercage (1.2 nm) has been
described as gas carrier and drug delivery system datfi@rThe main physicochemical

properties of as synthesized (Na-X), gadolinium (Gd-X) and iron-containing (Fe-X) zeolite
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nanocrystals with FAU-type framework structure are presented in Figure 22a-c, Figace 2
Table 3 Table 4.

Powder X-ray diffraction (XRD) of the three zeolite samples show patterns with broadened
peaks reflecting the small particle size. Typical Bragg peaks corresponding to FAU-type
zeolite present in the Na-X sample (Figure 22a) are perfectly preserved after ion exchang
treatment.

Incorporation of Gd or Fe into the zeolite did not induce any remarkable change in the
crystals properties including size, shape, porosity and surface charge. The nanosized zeolites
have an average size of 15-20 nm measured in water suspension (Figure 23) and surface
charge of -43 to -45 mV (Figure 222b). The porosity of zeolite nanoparticles before and after
ion exchange treatment was investigated by N2 sorption analysis (Figure 22c and Table 4).
All the three samples exhibit similar features: Type | isotherm at low P/PO characteristic for
microporous materials and high adsorption uptake at P/PO > 0.8 reflecting the high textural
mesoporosity of closely packed zeolite nanoparticles with similar particle sizes.

The physisorbed ©and physi- and chemisorbed €@ere evaluated by in-situ IR
spectroscopy following the introduction of controlled quantities of the desired gas into the
zeolite samples. The Cbading capacity of zeolites samples follows the trend Fe-X XNa-
> Gd-X. Despite the lower quadrupole moment of oxygen compared iav8ioh renders it
less efficient for adsorption on zeolit&8,small amount of iron (1 wt. %, measured with ICP-
AES, Table 3 introduced in the zeolite (Fe-X) substantially improved thea@sorption
capacity in comparison to the Na-X and Gd-X zeolite samples (Figure 22d).
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Figure 22. Main physicochemical properties of zeolite nanocrystals. a) XRD patterns (IEddtiriages),
b) zeta potential curves, c) nitrogen adsorption/desorption isotherms (full Isynatber to adsorption, open
symbols refer to desorption) of nanosized Na-X, Gd-X, and Fe-X zeolitphyhisorbed (full bars) and
chemisorbed (shaded bars) g@easured at 25 °C and physisorbedh@asured at -196 °C on nanosized Na-X,
Gd-X, and Fe-X zeolites; Quantification of oxygen released from zeolites baffar solution (phosphate
buffered saline, pH = 7.2, 37 °C) e) as a function of initial oxygewemtration of the solution and f) as a
function of the charge balancing cation(*p<0.05; ANOVA). Mean + s.d./aor@lition.
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Figure 23. Dynamic Light Scattering (DLS) curves of a) as prepared (Na-X), b) gadulinin-exchanged
(Gd-X) and c) iron ion-exchanged (Fe-X) zeolite samples.

Table 3. Summary of the main characteristics of hanosized KAU-

Chemical composition (wt. %) Size Zeta Half life
Si (Wt. %) Al (wt. %) Na(wt.%) Fe(wt.%) Gd(wt. %) potential (blood)
Na-X 18.10 14.59 13.41 0 0
Gd-X 16.62 12.59 6.71 0 1.24 10-30 nm  -37.7mV 12 min
Fe-X 17.6 14.35 11.96 1 0

Table 4.BET specific surface areads), micropore volume (¥) and total pore volume /) of as
prepared (Na-X), gadolinium ion-exchanged (Gd-X) and iron ion-exggth(Fe-X) zeolite sampe

SBET Vm:l Vtotal

(m?.gh) (em’.g™h) (em®.g™h)
Na-X 777 0,29 1.26
Gd-X 738 0,27 1.25
Fe-X 798 0,28 1.15

The ability of nanosized zeolites to release their oxygen payload was investigated in
aqueous solutions. Experiments were performed at various percentagedoomiic the
oxygen gradients observed in the orgahidnand tumouré® The amount of @released
from the Na-X zeolites increased parallel to the decrease of the init@r@entration in the

76



system. The release of.@om the zeolites was almost 56% more important at 0.2% O
mimicking severe hypoxia observed in some region ofl&Bhan at 5% of @ which
corresponds to the @ercentage in the healthy brain (Figure 2&&)he Q release capacity

of Na-X, Gd-X and Fe-X zeolite samples was then compared at 0.1% 0bQlifferentiate

the quantity of oxygen provided by the zeolites from the oxygen provided by the dispersing
solution (pure water), the values were deducted from the value of saturated water alone.
Samples Na-X, Gd-X and Fe-X deliver to the system 0.26, 0.49 and 0.54 mg of oxygen per
ml, respectively, as shown in Figure 22f. These results show that the Gd-X and Fe-X zeolites
deliver more oxygen than the Na-X zeolite. Thus, Na-X, Gd-X and Fe-X zeolites transport 19,
37 and 41 mmol of &g respectively, which is higher than the values recorded for
HEMOXY Carrier®, a natural giant extracellular hemoglobin from polychaete anfi€latsd
Polymer Hollow Microparticles (PHM)20. The HEMOXYCarrier® and PHM transport
0.0433 and 0.511 mmoles ob/@, respectively as reported. These results clearly show that
the nanosized zeolites are appropriate gas carriers @o@or Q), and the type of the

charge-balancing cation (Fe, Na or Gd) substantially modifies their gas affinity.

3.2 Assessment of potential toxicity of nanosized zeolites

Several studies have reported on the low toxicity of nanosized zédtie¥! although
possible adverse effects of zeolite nanocrystals have not been investigated, especially in the
context of the brain. Moreover, the cations introduced in zeolites via post-synthesis treatment
can have a great incidence on their toxic propéfie3o verify that nanosized zeolites do
not induce anyn vitro cell damage, multiple cell types originating from various organs were
exposed to zeolite suspensioha{(X, Fe-X and Gd-X) with concentrations ranging from 1
pg/ml to 100 pg/ml for 48h (Figure 24&ell lines (mouse brain endothelial cells [bEnd.3],
human glioma cells [U87-MG], and embryonic human kidney cells [HEK 293]) and primary
culture (mouse astrocytes and neurons), theoretically more sensitive, were used. DLS
measurements of the nanosized zeolites in the culture medium suggest no aggregation of the

particles (data not shown).

No significant toxicity was observed for all cell lines and astrocytes (Figure 24a). Neurons
appeared to be the most sensitive since the maximum loss in cell viability (65.8+2.1%)
exposed to 100 pug/ml of Na-X was encountered (Figure Z#a)presence of gadolinium in

sample Gd-X did not induce any further toxicity relative to the original Na-X or Fe-X zeolites
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no matter the cell types and the concentrations used. These results show that a dramatic effect
of nanosized zeolites on the cell viability is excluded.
To further analyze whether the nanosized zeolites are harmless on the cell cycle, we focused
on cell lines, due to their high proliferative rates. The effect of nanosized zeolites (Na-X, Fe-
X and Gd-X, 100 pg/ml) on the cell cycle of U87-MG and HEK 293 was assessed using flow
cytometry after exposure for 14h and 48h; water was used as a control (Figure 24b). No
difference in the cell distribution at different phases of cell cycle between the control group
and cells exposed to nanosized zeolites was observed.

Some studies reported on a genotoxic effect of NP (30immjro while showing no sign
of cytotoxicity*®! Consequently, a potential genotoxic effect of nanosized zeolites was
investigated using an immunofluorescent labelling of YH2AX as a marker of DNA double
strand breaks and a micronucleus formation assay as a marker of mitotic death. Both the U87-
MG and HEK 293 cells were exposed to 100ug/ml zeolite suspensions for various times. The
U87-MG cells showed almost no YH2AX positive cells for control conditions and after
exposure to nanosized zeolites Na-X, Gd-X, and Fe-X. A slight decrease in the marker after
24h of experiment at all conditions was observed. HEK 293 cells exhibited a higher
proportion of YH2AX positive cells compared to the U87-MG cells, and the percentage of
YH2AX positive cells slightly increased after 24h and 72h. However, no change in the
proportion of the YH2AX positive cells after exposure to the nanosized zeolites as compared
to the control condition was detected (Figure 24c). These results are also supported by the
micronuclei formation assay. In both the U87-MG and HEK 293 cells, the number of cells
forming micronucleus was below 10%, which was not influenced by the experimental
duration. Furthermore, no increase in the formation of micronuclei after exposure to the
nanosized zeolites in comparison to the control sample was observed (Figure 244d). In terms
of DNA damage, the results suggest that the Na-X, Fe-X and Gd-X nanosized zeolites do not
have a genotoxic effect. Overall, the results clearly indicate an absence of cytotoxic and
genotoxic effect of nanosized zeolite crystals in different cationic forms (Na-X, Fe-X and Gd-

X) in vitro on a wide range of cell types.
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Figure 24. Nanosized zeolites show no sign of toxidityvitro. a) Astrocytes, neurons, U87-MG, HEK 293
and bENnd.3 cells viability following a 48h exposure to nanosizelitegith a concentration of 1, 10, 50 and
100 pg/ml. Mean * s.d., n=3/condition; HSD Tuckey post-hoc test aftsgrdficant two-way ANOVA
(*p<0.05 vs control, a significant dose effect vs control (p<0.@bbtained for astrocytes (dose 100ug/ml),
neurons (dose 50 and 100ug/ml), bEnd.3 (dose 100ug/mhEKA293 cells (dose 100 pg/ml)); b) Cell cycle
analysis by flow cytometry. Representative profiles from 3 independentimegms of U87-MG and HEK 293
cells distribution in the phases of cell cycle after 14 or 48h exposaf@tpg/ml of Na-X, Fe-X, Gd-X or water
as a control; ¢, d) Representative photographs of DNA dotialed breaks identified with yH2AX
immunostaining (c) and micronuclei formation identified with Hoech8423staining (d) on U87-MG and HEK
293 cells, 14h (c) and 72h (d) after exposure to 100 pg/ml diteeeoQuantification after 14, 24 or 72h
exposure to 100 pug/ml of zeolites. The proportion of YH2AX and micronuclei positive cells was measured
relative to total cell number counted by Hoechst 33342 staining. Mealn, ©1s3 (3 independent experiments, 1
coverslip for each experiment, 5 representative fields per coverslip). HSDyTpaihoc test after a significant
two-way (*p<0.001; ANOVA).
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3.3 Toxicity of nanosized zeolites in living animals

The potential adverse effects associated with a chronic injection of nanosized zeolites
vivo were studied. The nanosized zeolites (both Na-X and Gd-X) were injected into mice for
five consecutive days, for a total dose of 5 mg per mouse (Figure 25a). The weight curves of
the animals did not encounter a relevant change compared to controls (injection of water).
Independently from the group considered, mice gained 7g (37% of their initial weight) during
the time of the experiment. These results suggest no adverse effects of nanosized zeolites on
rodents.

Although rodent models are helpful to understand the pathophysiology and test treatments
of human diseases, more relevant animal models are needed to reflect the adverse responses
seen in humans. In this respect, Chiamdllal. recently demonstrated the importance of using
both rodents and non-human primates for further evaluation §*NP.

To further confirm the low toxicity of the nanosized zeolites, @&X suspension was
injected intravenously (300 pl, 1% wt.) to non-human primates, and physiology was
monitored especially for arterial pressure (AP). A slight decrease in arterial pressure was
observed following the injection, from 63 mmHg to 42 mmHg, nevertheless, it was fully
reversed in less than 2 min (Figure 25b). These results clearly demonstrate the absence of
acute and chronic toxicity of zeolites nanocrystals applied to living animals.
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Figure 25. Assessment of toxicity of nanosized zeolifasvivo. a) Weight curves of mice following
intraperitoneal injections of Na-X and Gd-X zeolites or water as a controbdugonsecutive days (represented
with arrows). Mean, n=4 per group; b) Arterial pressure (AP) of anwset after i.v. injection of nanosized Gd-
X zeolite carrying C@(arrow indicates the time of injection). Representative example frage thdependent
experiments.
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3.4 In vivo detection of nanosized zeolites in rat bearing brain tumours

Taking advantage of the presence of Gd, we then assessed whether intravenously injected
zeolites could have the ability to reach brain tumours. A previous study showed that
nanosized zeolites are likely to extravasate and accumulate in the tumour tissue but do not
cross the intact blood-brain barrl&¥. To verify this assumption, dynamic T1-weighted MRI
was used to analyze the distribution of Gd-X zeolite nanocrystals in the brain after an i.v.
injection. A hyper-signal appearing specifically inside the tumour was detected (Figure 26
and 26b). The difference between the T1-w images acquired before and after the injection
confirms that the Gd-X zeolite nanocrystals efficiently reached the tumour and not the
surrounding healthy tissue (Figure 26a). The maximum increase in the signal (3.67 £3.04 %)
was reached =100 sec after the injection (Figure 26b). The specific delivery of the &d-
zeolite nanocrystals in the brain tumor was confirmed.

It is important to note that even if low concentrations of gadolinium are observed in the
zeolite nanocrystals (1.24 wt.%, Table 3), it remains detectable by MRI. Indeed, the rl1
parameter of the Gd-X nanosized zeolites (measured at 7 tesla and room temperature) was
74.2 mMt.st which is higher than Dotaréhg4.03 mM?.s?). This ~20-fold increase in rl for
the Gd-X zeolite as compared to standard Gd-based contrast agents has already been
discussed by Csajbak al. The structure of the zeolites allows water molecules to diffuse into
its pores and cages, where3Gidns are immobilized. Therefore, zeolites can be considered as
a concentrated aqueous solution ofQtat is exchanged by diffusion with the bulk water
outside the zeolit8% This finding is important as it concerns the stability of gadolinium
chelates complex currently in use, which is linked to suspected adverse effects in various
tissues including the bralff! Gd-containing zeolites were already considered as MRI contrast
agent and showed no leakage of Gd outside the framét®dfkTogether, these findings
indicate that T1-weighted MRI can efficiently be performed using Gd-X as contrast agent to

visualize the tumour area.
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Figure 26. Bio-distribution of nanosized zeolites in rats. a) Representative T1-w imagdseddoefore (1)
or 2 min after (2) iv injection of Gd-X (300 ul, 1% wt.); T2w anatoimiage (left) and a map of the differences
between the two T1w images (right); b) Corresponding quantifitaticghe normalized T1w signal intensity in
the healthy and the tumor tissue. Baseline refers to measurement of hdlwpsiformed before injection and
arrow indicates the time of injection. Mean + s.d., n=5. (*p<0.000&:way ANOVA). See also the video in
Supplementary Information; ¢) Quantitative measurement of gadolinium tontghe blood versus time
following i.v. injection of GdX (300 ul, 1% wt.). Mean + s.d., n=4; d) Perl’s staining after eosin counterstaining
on spleen, liver, kidney and brain sections taken from a contr@nat] (d1) and 3 (d3) days from the injection
of nanosized Fe-X zeolite. Blue spots indicate iron. Representative examplkhifeenmdependent experiments.
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3.5 Bio-distribution of nanosized zeolites in healthy rats

After showing that nanosized zeolites could target the tumors, we were also aware that
these nanopatrticles could reach other organs after circulating into the bloodstrea@drirst,
X zeolite suspensions were intravenously injected in healthy rats, and blood samples were
collected prior and after various times after the injection. The quantification of thé Gd-
zeolite nanoparticles in the blood was performed through the characterization of gadolinium
content with ICP-MS (Figure 26c¢). The blood half-life of Gd-X zeolite nanocrystals was
calculated to be approximately 12 min.

To further characterize the bio-distribution, Xezeolites were used; enabling detection in
the tissues using Perl’s staining. Histological analyzes revealed that once cleared from the
blood, the Fe-X zeolites injected are accumulated preferentially in the spleen and the liver. In
contrast, no accumulation of the Fe-X zeolite was detected in the healthy brain as d¥pected,
and confirming our results with Gd-X, and the kidneys (Figure 2®BHese results are
consistent with published results, given the size and charge of the nanosized zeolites (Table
3).148]

Based on these findings, we hypothesized that the nanosized zeolites specifically
accumulated in the tumor tissue and not in the normal brain, which could be used to deliver

hypercapnic/hyperoxic gases.

3.6 Nanosized zeolites as gas carriers to specifically target braimgumo

Multiparametric MRI in a human GB model was used to evaluate the functional benefits of
nanosized zeolite particles as gas {Gd Q) carriers. Contrary to Gd-X zeolite, K-
zeolite could not be considered for the experimental setup due to interference with MR signal,
particularly for the measure of both cerebral CBV and tissue saturation in oxygen)(SatO
which lies onthe use of another iron-based contrast agent (P904). On the other hatd, Fe-
shows a superior activity in gas adsorption and release compared to the Gd-X zeolite and
would be of interest for therapeutic application. Consequently, the Gd-X was applied to assess
the potential theranostic application of zeolite nanoparticles as a gas ddrdeshanges in
cerebral blood volume (CBV) after an intravenous (i.v.) injection of the Gd-X zeolites loaded
with CO, was quantified as readout of vasodilation and expressed as ACBV. Results revealed
an increase in the CBV inside the tumor compared to the healthy tissue (Figure 27a, b),

leading to a difference of 15% between the two tissues after 15 min from the injection
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(AACBY). Water saturated with CO2 was used as a control sample, and a difference of 5% of
the CBV in the tumor compared to the healthy tissue was measured (Figure 27a, b). These
results are at the opposite of those obtained in our previous study, where the breathing of pure
carbogen led to an increase in the CBV and the oxygenation in the healthy brain but not in the
tumor!® Upon replacing the pure GOwith carbogen (5% C©and 95% @ used as
hyperoxic/hypercapnic mixture) for targeting simultaneously the CBV and the tissue
oxygenation, the difference of signal measured between the healthy and tumor tissues was
5.36% (Figure 27a, c).

The Sat®, a method previously demonstrated to accurately reflect tissue hy{ibwas
quantified before and after injection of the Gd-X zeolite carryingg @O carbogen and
expressed as ASatO>. The possible re-oxygenation of the tumor relative to the healthy tissue
(AASatO2) was measured (Figure 27a, b, c). The injection of Gd-X zeolite carryin@@O
carbogen resulted in a AASatOz increase of 6.43% and 2.07%, respectively. An additional
control was performed by injecting Gd-X zeolites (300 ul, 1 wt.%) without gas loading. No
increase in CBV or SatQvas observed, supporting the idea that the changes are induced by
the delivered gas and not by the presence of zeolite nanoparticles.

The lower effect observed with carbogen suggest that the primary effect is an increased
perfusion via vasodilatory effects of @Gnd not reoxygenation via oxygen delivery.
However, the U87 GB model used is moderately hypoxic. Indeed, our previous studies
showed that U87 tumors are devoid of any sign of hypoxia and exhibit an oxygen pressure
level similar to the contralateral brain (~5%)€9°!. The results herein show that the
delivery of oxygen by the zeolites is dependent on the oxygen pressure of the environment
(Figure 22e). Therefore, the relatively high oxygen pressure in the tumor could prevent the
zeolites from releasing their oxygen payload.

We finally assessed whether a small release of €fld also occur in the systemic
circulation by monitoring the arterial partial pressure ob®aCQ) after the i.v. injection of
the Gd-X loaded with C&(Figure 27d). The PaCOncreased by 4 mmHg reaching a peak
after 10 min, consistent with the blood hkfit of the nanosized zeolitéBigure 26c¢),
paralleled by a slight acidification, i.e., the pH decreased from 7.53 to 7.36 (Figure 27¢). Such
a change was not measured in the experiment carried out with the control sample. This
increase in the PaGQ@ould lead to a vasodilation. Consequently, dynamic BOLD-MRI was
performed to track the changes in blood flow of large vessels, such as the venous sinus. The

I.v. injection of nanosized zeolites carrying £@sulted in the increase in the BOLD signal
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up to 5.05 + 6.50% as did inhalation of 5% f£Ldnjection of control sample or pure
nanosized zeolites without G@id not show any effect (Figure 27f).
Overall, the results show the ability of nanosized zeolites to carry cCarbogen

resulting in functional effects on blood volume and oxygenatitinin the tumor tissue.
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Figure 27. Nanosized zeolites carrying hyperoxic gases influence CBV and,SatGhe tumor. a)
Representative T2-w anatomic images, CBV and Sataps obtained before and 15 min after i.v. injection of
nanosized Gd-X zeolite (300 ul, 1% wt.) carrying 0 carbogen and the corresponding differences between
the two maps (ACBV and ASatOg, respectively). Control consisted of injection ofCHsaturated with C&or
carbogen; b) ¢) Quantification of the differences of ACBV and ASatO; (%) between the healthy and the tumor
tissue (AACBYV and AASatO», respectively). Mean + s.d. and dot-plot, n=5 for control group;far&d-X with
CO;, group; n=5 for Gd-X with carbogen group (***p<0.001; ANOVA); Bvolution of the arterial pressure of
CO, (PaCQ) expressed in percentage of baseline and e) pH in the blood of h@ékter rats following
injection of Gd-X (300 pl, 1% wt.) carrying GOr control. Baseline refers to measurement of Pag&formed
before injection and arrow indicates the time of injection. Mean * sdidatiplot, n=5 per group (*p<0.05;
two-way ANOVA); f) Differences in Blood Oxygen Level Dependent (BOldipnal measured in the venous
sinus of healthy Wistar rats before and 3 min after an i.v. injecti@ddeX (300 ul, 1% wt.) carrying CQor
control or Gd-X without CO2 or breathing of 5% of €®ean + s.d. and dot-plot, n=6 for Gd- CO, group;
n=5 for Gd-X group; n=4 for contrel CO, group; n=3 for inhalation of 5% GQ@roup.
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4 Conclusions

The use of nanosized zeolite particles as a specific hyperoxic gas carrier to increase both
the blood volume and the oxygen supply for re-oxygenation of glioblastoma tumors was
studied. MRI was used to screen the resulting effect of the gases. The nanosized zeolites
loaded with CQ or carbogen (95% £and 5% CQ) successfully increased the blood volume
and oxygenation in the tumor tissue relative to the healthy tissue. Additionally, the low
amount of Gd introduced in the zeolite nanoparticles allows tracking the specific
accumulation of nanosized zeolite crystals in the tumor with MRI.

The results show that the quantity of oxygen released from the zeolites is more important
as the external oxygen pressure is low. Interestingly, it can be assumed that in an organism,
the zeolite would keep its oxygen payload until it reaches a hypoxic region, like in GB, where
they would release the oxygen.

The limited toxicity of nanosized zeolites was confirmed ibyvitro and in vivo
experiments. Therefore, the great potential of nanosized zeolites as a theranostic tool is
envisioned. Currently, nanoparticles containing gadolinium are undergoing a phase | clinical
trial as a theranostic tool to increase the efficiency of radiothérithis opens the door to
the use of carbogen-loaded Gd-containing zeolite nanocrystal to the tumor site, as a carrier of
(i) high-Z containing elements and (ii) re-oxygenating gases, which are known to increase the
efficiency of radiotherapy. The results evidently demonstrate the development of original
strategy (theranostic tool) using metal-modified nanosized zeolites to target specifically brain

tumors.
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Chapter 5- Copper containing FAU nanozeolite as non-toxic

nitric oxide and carbon dioxide gas carrier

Abstract

Nowadays, the growing interest to find the efficient nitric oxide (NO) and carbon dioxide
(COy) gas carriers to prevent life treating conditions is a challenging matter. This is mainly
due to the carrier material specificity and toxicity concerns. The gas adsorption properties of
sodium- (Na-X) and copper-(Cu-X) containing FAU nanozeolite towBi@sand CO, were
studied. The materials were characterised using various characterisation techniques, namely
XRD, TEM, ICP, DLS andn-situ FTIR. The as prepared Na-X showed better gas adsorption
affinity towards carbon dioxide, whereas the ion-exchanged Cu-X was more efficient
absorbent with regards to nitric oxide. In addition, the cytotoxicity tests disclosed that both

nanozeolites show no toxicity making them suitable for further tests in biomedical field.

1 Introduction

The well-established activity of copper containing zeolites with nitric oxide (NO) and
carbon dioxide (C@) have proved their functionality mainly as a de-NOx catalyst, where the
zeolites are used to perform selective catalytic reduction of nitric oxide(Rl0gs well as
CO; adsorbent for gas separation in industrial and environmental proée$séseping that
in mind, we will exploit other cases where zeolites can be employed to act as NO agasCO
carriers for potential biomedical applications.

NO is an antibacterial, principal signalling molecule (generated within the body), that is
involved in many biological processes, namely regulation of the blood flow,
neurotransmission and immune respdf$e.CO; is the essential moderator in human
physiology, controlling blood circulation and pH. Besides, when inhaled in form of carbogen
(mixture of @ 95% and 5 % C¢), it causes tissue oxygenation, which is important stage in
tumour treatment8:!% The extrinsic delivery of such biologically active molecules is an
interesting and challenging way of therapy that could potentially be an effective remedy for
major illnesses. However, the broad range of effects generated in the body by these two gases
raised an issue about its specificity and targeted delivery, which complicated the progress for

their applications in biomedicine. Therefore, to overcome those uncertainties the development
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of selective and most importantly non-toxic materials that can carry and release therapeutic
gases is required.

Nowadays, there is a growing interest in finding suitable NO carriers to prevent life
perilous conditions such as thrombosis (blood clot formation), at the surface of artificial blood
vessels and medical devices. Currently, anticoagulants such as heparin are employed to fight
thrombosis, however, the use of latter can cause an unexpected bleeding in other parts of the
body, leading to loss of platelets and thus thrombocytopehidn case of carbogen
administration, the inhalation via nasal cannula or facemask showed insufficiency on tissue
reoxygenation in terms of progressive response to radio théfapg.a result, a vast number
of NO- and CQ@-carrying materials have been proposed, which are mainly based on synthetic
polymers (PVC, PDMS) and fumed silica particles. For NO delivery purposes those materials
have beerfunctionalised with various amines, and upon reaction with NO, they form
diazeniumdiolate ions. The latter, can hydrolyse in aqueous solution with suitable pH to
release nitric oxide and thus act as a gas déhdf.Over the years, it has been demonstrated
that zeolites (inorganic, crystalline, porous materials) have high adsorption capacity towards
NO and CQ 182, This is due to their characteristics, namely, well-defined porous structure,
high specific surface area and chemical/thermal stabBfify. Additionally, the chemical
properties of zeolites, enable to control the gas adsorption capacity, which can be
accomplished by tuning the zeolite composition, in terms of the type of metal ion present in
the structure. The introduction of various cations*{FE€* Cu**, GF*) in the zeolite is
usually achieved via post-synthetic ion-exchange, to further functionalise the material for
targeted applicatioR*?% Other aspects influencing the gas sorption affinity are the zeolite
physical features, such as size and framework type (more than 239), providing a great array of
structures to choose from depending on desired use.

The zeolite toxicity plays a major role when it comes to biomedical applications. The
modifications of zeolite crystal size, from micron to nanoscale, as well as development of
template-free synthesis, yielded nanozeolites biocompatible become of important research
field. The cytotoxicity of nanozeolites does not just depend on crystal size but also on particle
agglomeration and stability in colloidal suspension. As a result of their low toxicity towards
the most sensitive cells (astrocytes), nanocrystals have drawn particular attention of
researches working in the field of biomedical science, especially for controlle&%4tignd
gas delivery purposés:?%3 Moreover, it has recently been reported that the copper

containing FAU nanozeolite (in form of stable suspension), can be used for direct sanitisation
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of medical surfaces against ESKAPE bacteria and thus act as antimicrobial agent to prevent
life threatening infectionsS™

Here, we report the preparation of sodium and copper containing FAU-type nanozeolite
(zeolite X) with high sorption capacity towards NO and.O&hich can be used as alternative
way of gas delivery for biomedical applications. The sorption affinity of as prepared Na-
containing FAU (Na-X) and Cu ion-exchanged zeolite (Cu-X) to NO @@ was
characterized bin-situ IR spectroscopy. Moreover, the cytotoxicity tests using a selection of
cells, including, human tumour, kidney and most sensitive primary culture of astrocytes to
assess biocompatibility of prepared nanozeolites were performed. We also demonstrated that
Cu-X has greater adsorption capacity towards NO, whereas the as prepared Na-X has higher
carbon dioxide sorption affinity, due to the presence of different cation. The high sorption
capacity of non-toxic Cu-X, combined with antimicrobial properties, provide a platform for

alternative therapies in biomedical field.

2 Experimental

2.1. Preparation of Cu-FAU nanozeolite

The template-free, nanosized Na-X zeolite with FAU framework topology was synthesised
as previously reportéé?! The aluminate solution consisted of 2.5 g of sodium hydroxide
(NaOH, 97 %, Sima-Aldrich) which was dissolved in 3.0 g of &® Hollowed by gentle
addition of 0.297 g aluminum powder (325 mesh, 99.5 %, Alfa Aesar). The mixture was
stirred until a clear solution was obtained. The silicate solution was prepared by dissolving 1.1
g of NaOH in 1.0 g of double distilled-.B (dd HO), followed by the addition of 10 g
colloidal silica (Ludox-HS 30, 30 wt % S#DAldrich). The acquired white, turbid suspension
was placed in the oven 100 °C for 5 min to obtain a clear suspension. The aluminate solution
was added dropwise to the latter under ice and vigorous stirring. As a result, a clear
suspension with the starting molar composition 9Nal.1 AbOs: 10 SiQ: 77 HO was
produced, then aged at room temperature for 24 h, followed by dehydration (to adjugd the H
content) and hydrothermal treatment at 50 °C for 26 h. The crystalline product were recovered
by centrifugation (20000 rpm, 25 min) and purified by washing with gd thtil pH= 9.

The Cu-X was prepared by ion-exchange of 2.4 wt % Na-X suspension with 0.004 M

copper nitrate (Cu (N€)».9H-0) at room temperature for 1 h (zeolite to copper suspension
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ratio 1:5). The sample was purified by centrifugation and redispersion in@dTHie final
pH of the Cu-X suspension was 7.

2.2. Characterisation

The stability and particle size distribution of Na-X and Cu-X zeolite suspensions (pH= 7)
was determined by zeta potential and dynamic light scattering (DLS) respectively, using a
Malvern Zetasizer Nano instrument. The crystal structure of the parent Na-X and the ion-
exchanged zeolite Cu-X was determined by X-ray diffraction. The analyses wenengekfo
with a PANalytical X Pert PRO-MPD diffractometer with Cu Ka radiation (A = 1.5418 A).

The samples were scanned in the 20 range of 4-50° with a step size of 0.016°. The size and
morphology of zeolites were studied by scanning electron microscope (SEM, MIRA-LMH
TESCAN) supplied with a field emission gun and a transmission electron microscopy (TEM,
200 kv JEOL 2010 FEG)The elemental analysis of the samples was performed by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using an OPTIMA
4300 DV (PerkineElmer) instrument. The elemental composition was determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using an OPTIMA
4300 DV (PerkinElmer) instrument.

The adsorption capacities of self-supported zeolites wafers f2acea, 20 mg ch)
towards NO andCO, were determined using Nicolet Magna 550-FTIR spectrometer {4 cm
optical resolution and 128 scans) equipped with MCT detector. Prior to the adsorption of
gases each sample was activated at 300 °C for 4 hours in the presence of oxygen, under
vacuum (16 Torr). The NO andCO, were adsorbed at room temperature using various
amounts introduced in small volumes; 1-100 Torr for NO and 10-180 Torr fer 8O

spectra were normalised to the sample weight.

2.3. Cytotoxicity tests: materials and methods

Cell lines: Human embryonic kidney (HEK 293) and human glioblastoma cells (U87-MG),
were cultured in DMEM (Sigma-Aldrich, France) prior the toxicity tests. The cell lines listed
above were purchased from ATCC (Manassas, VA, USA) and maintained in culture at 37°C
with 5% CQ and 95% humidity.

DMEM was supplemented with 10% foetal bovine serum (Eurobio, France), 2 mM glutamine

(Sigma-Aldrich, France) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich, France).
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Primary culture of astrocytes: Cerebral cortices (isolated from neonatal 1-3 days old mice,
Swiss, CURB, France) were carefully stripped of the meninges and dissociated to generate a
single-cell suspension. The cultures were left to grow in an incubator at 37 °C (humidified
with 5% CQ to confluency up to 20 days) and supplemented with DMEM consisting of 10%
foetal bovine serum (Eurobio, France), 10% horse serum (Eurobio, France), 2 mM glutamine
(Sigma-Aldrich, France) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich, France) prior

use.

Cells exposure to nanosized zeolitesBefore to cells exposure the Na-X and Xu-
nanozeolites were diluted in culture medium at concentrations: 1, 10, 50 or 100 pg/ml then
added directly into the wells. Cells were exposed to nanozeolites for a period of 24, 48 and

72h. The control tests were performed with distilled water under exactly the same conditions.

Cells viability: Cells were seeded in 24-wells plates to obtain 80% of confluency on the day
of analysis and measured in compliance with manufacturer’s manual (WST-1 assay, Roche,

France)

3 Results and discussion

3.1 Properties of prepared nanozeolites

The as synthesised Na-X nanosized zeolite sample is pure and highly crystalline. After ion-
exchange with copper the framework structure of the sample Cu-X is completely preserved.
The X-ray diffraction patterns of Na-X and Cu-X are alike in nature and tyfpiceAU-type
zeolite. Figure 28 illustrates the Bragg peaks widening, which indicates the small size of
zeolite crystals. The morphology of prepared samples was further assessed by TEM, which
confirmed the nanosized patrticle size with mean diameter < 40 nm (Figure 28b and c). The
homogeneous nanocrystals exhibit a typical octahedral morphology with fully crystalline and

well-developed faces, which remained unchanged after copper introduction.
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Figure 28.(a) XRD patterns of samples Na-X and Cu-X, and TEM images of (b) AledXc) Cux.

The elemental composition of the samples is presented in Table 5. The ion-exchange
process does not influence the Si/Al ratio, which was around 1.6 wt % for both samples.
Consequently, 53 % of sodium was exchanged, leaving 5.11 wt % of copper present in the
Cu-X sample.

The stability of colloidal zeolite suspensions is one of the prime factors considered for
biomedical applications. The stability of Na-X and Cu-X samples is determined by evaluating
the zeta potential values. This technique measures the surface charge of nanoparticles and it is
influenced by pH/concentration of the zeolite suspension. Generally, the zeta potential limit
value of £30 mV is employed to determine the stability of nanozeolites in suspension. The
zeta potential value are -43.1 mV to -42.4 mV for as synthesised Na-X arXl Cu-
nanozeolites, respectively, demonstrating the high colloidal stability of both zeolite
suspensions (Figure 29a). In addition, DLS results show narrow, monomodal particle size
distribution curves, similar for both samples (Figure 29b). This indicates that the ion-
exchange does not influence the stability of zeolite nanocrystals.

Table 5. The elemental analysis of Na-X and Cu-X zeolites determined by ICP.

Na Cu Al Si
Sample name Si/Al

(Wt. %) (Wt %)  (Wt.%)  (wt. %)

Na-X 9.60 - 11.84 19.29 1.63

Cu-X 5.69 511 1138 1786 157
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Figure 29. (a) Zeta potential and (b) DLS curves for Na-X and Cu-X zeolite suspensions

3.2.

In-situ FTIR measurements

In-situ IR spectroscopy was used to determine the sorption capacity of as prepaXed Na-
and Cu-X samples toward NO aG®..

The adsorption of nitric oxide on zeolite samples after activation was performed at room

temperature. The IR spectra of NO adsorbed on Na-X and Cu-X in the region of 1652-1260

cm! are presented in Figure a,b. The spectra are similar with the exception of the bands at
1906 and 1888m* clearly observed in the Cu-X sample (Figure 30b).
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Figure 30. FTIR spectra evolution of NO adsorbed on (a) Na-X and (b) Cu-¥zeamtites at gas pressure

varying from 1 to 100 Torr.

According to previous studies the bands positioned in the 1652-1260 region

correspond to surface species, in most cases nitrates, nitrites and nitro and/or nitrito
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compounds (Table)$**3¢! The bands at 1906 and 1883 trare attributed to nitrosyls,
which are formed upon nitric oxide adsorption on two different*Gites, giving rise to
formation of CG-NO species. No bands at 1900 tiwas observed for pure Né-

nanozeolite.

The adsorption capacity of both zeolites towards NO was evaluated by measuring the
intensity of the IR bands at 100 Torr (Figure 31 left). The results indicated that copper-
containing nanozeolite has greater NO capacity in comparison to the Na-X. This can be

explained by the stronger interactions of NO with the copper.

Cu-X
3.7

— Na-X | 0.01
— Cu-X

Na-X
2.5

~1260

~1652

Absorbance (a.u.)

Adsorbed NO, species at
100 Torr (band area/mg)

2000 1900 1800 1700 1600 1500 1400 1300
Wavenumbers (cm?)

Figure 31.FTIR bands after NO adsorption on Na-X (black) and Cu-X (blue) aT #@0n the range 2075-
1225 cm-1 (left), and sorption capacity measured by the areapédhke in the 2075-1225 region cm-1(right).

Table 6.Assignment of the IR bands observed after NO adsorption on Na-uaXd*€=°!

IR bands (cm? Structure Notes

1906 NO on C& on Cu2*carrying extra lattice oxygen
1883 NO onCu?* on isolatedC?*moved to accessible positior
1652-1649 bridging nitrates on Al sites

15791554 monodentate nitrates on Si sites

1486 monodentate nitrate -

1442 monodentate nitrito -

1404 nitrate species -

1379-1353 Nitro species -

1315 Nitro/nitrate species -

1260 Nitro species on Na sites
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The adsorption of carbon dioxide was carried out on the activated Na- and Cu-X zeolite
samples at room temperature. Figure 32a,b presents the evolution of FTIR spectrafor Na-
and Cu-X nanozeolites. Two regions of 2400-2300' @mnd 1800-1200 cthwere evaluated.
These regions are characteristic for physisorbed and chemisorbespb&sesrespectively.
Accordingly, a well pronounced adsorption bands at 2353amd 2350 cm are present for
Na-X and Cu-X, which are ascribed to the asymmetric stretching mode of physically adsorbed

carbon dioxide on the zeolite surfdé@.
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Figure 32.FTIR spectra evolution after carbon dioxide adsorption on (a) NadX@rCu-X nanosized

zeolites at room temperature.
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Figure 33. FTIR spectra after carbon dioxide adsorption at 180 Torr (ledt)C&h adsorption capacity for

Na and Cu-X zeolite samples measured at 180 Torr (right).
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The band intensity increases with increasing gas pressure, therefore the amount of
physisorbed C®was evaluated at constant pressure for both samples. The spectra of sodium
and copper nanozeolites at 180 Torr are presented in Figure 33(left). The physisoflbad CO
the Na-X sample is eight times higher than on the Cu-X as showed in Figure 33(right).

The less pronounced bands in the 1800-1200 oegion are typical for carbonat€d.

These carbonate species include notably stable mono-, uni- and bidentate carbonates, which
are formed as a result of @@nteraction with the oxygen bridging aluminium or silicon
atoms®d |t was previously reported that the carbonate formation can limit carbon dioxide
adsorption due to decrease of accessibility to zeolite suffada.the copper containing
sample the carbonate region is not very prominent, this made it difficult to distinguish
between different types of carbonates present. The amount of chemisorbed<@easured

at 180 Torr for Na-X and Cu-X, showing that sodium containing nanosized zeolite has three
times greater adsorption capacity in contrast to the copper one (Figure 33). This demonstrates
that by simple ion-exchange the properties of zeolite can be readily modified depending on

the desired application.

3.3. Cytotoxicity tests of nanosized Na-X and Cu-X zeolites

In order to assess the biocompatibility of nanozeolites and thus prove their applicability in
biomedicine, the toxicity measurements are performed. Different cell lines including human
glioblastoma (U87-MG), human kidney (HEK 293) and mice astrocytes ware exposed to
zeolite samples at different concentrations (1-100 pug/ml) for the period of 24-72 hours. As a
result, no toxicity is observed for U87-MG cells which were subjected to both, Na-X and Cu-
X nanosized zeolites (Figure 34). The only exception is a small decrease in cell \adiaitity

72 hrs of exposure to high concentration of copper-containing nanozeolite.
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Figure 34. (a) Representative photographs of U87-MG cells after 24 hrs exposifpdéml of Na-X, CuX

zeolites and control (D), scale bar = 100um. (b) Quantification of cell viability of humarbtgistoma after

24, 48 and 72 hrs exposure to Na-X and Cu-X zeolites withdifferent concentrations. Cell viability was
assessed using the WST-1 test. Mean SD. n = 3.

Human kidney cells display slightly higher sensitivity towards nanozeolites (Figure 35). In
general, both zeolites are harmless to the HEK 293 cells when exposed to low concentrations,
however, a 40 % decrease in cell viability was observed after 72 hrs at 100 pg/mKof Cu-
Finally, the same trend follows for astrocytes cell lines, where no toxicity was observed after
contact with zeolites at low concentrations, hence the cell viability decreased by ~43 % after

exposure to 50-100 pg/ml of zeolites as presented in Figure 36.
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Figure 35. (a) Representative photographs of HEK 293 cells after 24 hrs expodimegbnl| of Na-X, Cu-

X zeolites and control (#D), scale bar = 100pum. (b) Quantification of cell viability of human gliobtaatafter

24, 48 and 72 hrs exposure to Na-X and Cu-X zeolites withdifferent concentrations. Cell viability was
assessed using the WST-1 test. Mean SD. n = 3.
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Figure 36. (a) Representative photographs of astrocytes after 24 hrs expo&Qpegianl of Na-X, Cux
zedites and control (kD), scale bar = 100um. Quantification of cell viability of mice astroaftes 24, 48
and 72 hrs exposure to Na-X and Cu-X zeolites with four differemtertrations. Cell viability was assessed

using the WST-1 test. Mean SD. n = 3.
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4. Conclusions

The sodium- and copper-containing nanosized FAU zeolite crystals (Na-X and Cu-X) were
prepared in the form of stable colloidal suspensions. The gas adsorption properties of both
materials towards nitric oxide and carbon dioxide were evaluated; the materials are
considered to be used for potential gas delivery systems in biomedicine. The copper ion-
exchanged nanozeolites (Cu-X) show increased NO adsorption capacity by 36% in
comparison to as prepared sodium form. On the other haridtfeshows better adsorption
affinity towards CQ. Both, Na- and Cu-X nanozeolites, show no cytotoxicity towards human
glioblastoma, kidney and mice astrocytes, confirming their biocompatibility and thus ability

to be further employed as gas carriers for biomedical applications.
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Chapter 6- General conclusion and outlook

1 Conclusions

The decreasing efficiency of conventional treatments such as antibiotics to fight infectious
diseases caused by various types of bacteria is becoming a serious issue in regards to the
number of deaths casésMoreover, development of new antibacterial drugs is laborious and
expensive process and their extensive use leads to side effects. Consequently, the elaboration
of new strategies to eliminate bacteria and thus prevent infectious diseases is of great demand.
A second matter of concern regarding treatment resistance is connected to the effectiveness
radiotherapy in brain tumours. It has been reported that the resistance comes from oxygen
deficiency in the tumour tissues, called hypd&i#n the framework of present study we have
explored the opportunity to use metal exchanged nanozeolites as antimicrobial agents and gas
carriers. The faujasite-X is the chosen zeolite due to its tuneable properties, large pore volume
as well as the high exchangeable cation capacity.

In this study, we report: (i) the effect of copper modified nanosized FAU-X zeolite on
ESKAPE type bacteria, (ii) the metal containing nanozeolite as a tool for tissue oxygenation
and visualisation using MR, and lastly (iii) the use of faujasite nanozeolite as nitric oxide and

carbon dioxide gas vector to prevent life threatening conditions.

In the case study described in Chapter 3 the use of Cu-FAU nanozeolite in form of stable
suspension for direct sanitization of healthcare surfaces proved its efficiency as antimicrobial
agent towards ESKAPE pathogens (Enterococcus species, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and Enterobacter species).

e Semi-quantitative tests using thioglycollate plates: ESKAPE pathogens were killed
within 100 min when Cu-X suspension was applied. Ehéaecalisproved to be the
most resistant bacterium, therefore, in order to inhibit its growth the Cu-X concentration
had to be doubled.

e The survival of microorganisms on stainless-steel coupons: A complete kill for three
selected bacteria was achieved within 20 minffoaeruginosaand within 10 min for
the K. pneumoniaeand S. aureus This confirmed that copper containing FAU-

nanozeolite is an effective antimicrobial agent.

e Sodium form of nanozeolite demonstrated no antibacterial activity.
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In Chapter 4, the ability of nanozeolites to act as a gas carrier for tissue oxygenation in

glioblastoma tumour was investigated.

e The metal containing nanozeolite showed no adverse toxic effects towards different
cells, including human glioblastoma (U87-MG), kidney (HEK 293) and mice astrocytes.
Proving their biocompability.

e The Gd-X nanozeolite loaded with @@r carbogen (95% £and 5% CQ) increased
both the blood volume and oxygen concentration in the tumour tissue which resulted in

tissue re-oxygenation.

e Gd introduced in the zeolite act as a MRI contrast agent, allowing to track the specific

accumulation of nanosized zeolite crystals in the tumour.

e The results confirmed the potentiality of metal containing nanozeolites to be used as a

theranostic tool for development of novel strategies to fight brain tumours.

In the work presented in Chapter 5, the ability of copper containing FAU-X nanozeolite to
adsorb nitric oxide (NO) and carbon dioxide F@long with the assessment of its toxicity

towards cells was studied.

e The nanozeolite functionalised with copper increased the NO adsorption by 36 % in
comparison to as prepared Na-X nanozeolite.

e The sodium form of faujasite demonstrated better adsorption capacity taards

e The results indicated that by simple metal-exchange the gas adsorption properties of
nanozeolites can be tuned, highlighting the significance of cation choice for desired

application.

e Na and Cu-X nanozeolite displayed non-toxic nature towards human glioblastoma
(U87-MG), kidney (HEK 293) and mice astrocytes cells.

In summary, we have demonstrated the effective employment of metal-functionalised
nanozeolites to act as antimicrobial agent and gas carrier in microbiology and biomedicine
respectively. The results showed that by careful selection of zeolite extra framework cation
the properties of material can be tuned, to make them competent for a chosen task. The high
selectivity of nanozeolites along with non-toxicity opens a door for them to be tested in other
biomedical applications, where the controlled substance delivery is considered. Nevertheless,

further research is required to assess their full potential in this field.
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2 Perspectives

Regardless to our research output, there are still fields within this work that demand further
investigation. Moving forward, additional experiments are required to obtain in-depth
knowledge about the performance of metal exchanged nanozeolites.

In presented research the important role of zeolite extra framework cation for both
antimicrobial and gas adsorption properties was underlined. However, the specific cation
location after ion exchange was not investigated. This could potentially improve our
knowledge on how to particularly design a “perfect” material, taking into consideration all
possible factors, such as the level of cation exchange to specific zeolite sites and its
accessibility. The localisation of different cations could be studiedyssilid-state Nuclear
Magnetic Resonance (NMR), Electron Paramagnetic Resonance (EPR) and Mdéssbauer

spectroscopy.

In regards to microbiology, the further tests can include the incorporation of different
cations into zeolite structure. The metals of interest will be the ones that already displayed
antibacterial properties, namely Zn, Co, Zr,®Nit would be very beneficial to evaluate the

potency of each metal against a wide array of microorganisms.

Considering the gas delivery applications, different types of zeolite framework could be
tested to determine their adsorption capacity and specificity when exchanged with various
cations. However, in order to use zeolites for biomedical applications, they have to be
synthesised with the absence of organic templates, with sizes < 100 nm, which already limits
the available zeolite types to eightMoreover, the exchange level of metals plays an
important role, as over exchanged zeolites can block the accessibility to active sites, and thus

restrict the adsorption.

This research project is on its way to make a great scientific impact. It is also significant
for our society, as we are fighting a constant increase of treatment resistance. Thereaare still
lot of possibilities to optimise zeolitic materials to find the most suited one for particular
biomedical application. The further investigations have to be carried out to improve the

knowledge and performance of zeolites in this area of science.
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Résumé

1 Introduction

L'utilisation de zéolithes dans des applications conventionnelles telles que la catalyse,
I'échange d'ions et la séparation de gaz ont prouvé leur efficacité au fil d&s! dres
nanocristaux de zéolithes ont également été utilisés pour des applications plus avancées,
notamment en biomédecine (capteurs, administration de médicaments et de gaz) et en
microbiologie (agents antibactériens) grace a leurs grandes surfaces spécifiques, leur non
toxicité et leurs grandes stabilités chimiques / thermifu€ependant, le plein potentiel de
l'utilisation de la nanozéolithes pour des applications prospectives concernant la science
biomédicale n'a pas encore été completement découvert.

La résistance aux traitements médicaux conventionnels, a savoir les antibiotiques et la
radiothérapie en microbiologie et en médecine, respectivement, est un sujet de préoccupation
en termes de nombre croissant de déces causés par des maladies infectieuses etsdes cance
De plus, les bactéries résistantes aux antibiotiques sont la principale cause d'infections graves,
d'inflammations et d'intoxications alimentaires en milieu hospitalier. Au cours des trois
dernieres décennies, la résistance bactérienne a augmenté beaucoup plus rapidement que le
nombre total de nouveaux antibiotiques approuvés, comme le montre la Figube plus,
l'utilisation intense d'antibiotiques n'est pas largement applicable en raison des effets
secondaires. Par conséquent, le développement de nouvelles stratégies antimicrobiennes pour
tuer les bactéries et prévenir un grand nombre de maladies présente un fort intérét
scientifique.
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Figure 1. Nombre de nouveaux médicaments antibactériens autorisés par les demamndasghtion et les
taux de résistance pour trois types de bactéries: S. aureus résistant a la méff8&RM), entérocoques
résistants a la vancomycine et P. aeruginosa résistant aux fluorogun¢f@peP). Modifié de: Centres de
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Un autre probléme important est le traitement des tumeurs cérébrales. Il a été reconnu que
la principale cause de résistance aux traitements de radiothérapie des tumeurs, en particulier le
glioblastome (tumeur cérébrale primaire), est causée par I’apport insuffisant d’oxygene a ses
tissus, appelé hypoxi8. Auparavant, plusieurs voies ont été prises pour réduire 1’hypoxie
dans les tumeurs, a savoir la respiration paetarbogéne. Les résultats de cette méthode
étaient médiocres en termes de sélectivité et de réponse a la radiothérapie. En outre, la
délivrance extrinseque d'oxyde nitrique (NO) pour empécher la formation de tissus sanguins a
la surface des vaisseaux sanguins artificiels et des dispositifs médicaux est une question
importante. De nos jours, I'néparine est utilisée comme anticoagulant pour prévenir la
thrombose, mais son utilisation peut entrainer des saignements inattendus dans d'autres parties

du corps, entrainant une perte de plaquettes.

Une solution possible pour prévenir les infections bactériennes, la résistance a la
radiothérapie et la thrombose consiste a utiliser des nanozéolites a échange de métaux pour
agir en tant qu'agents antimicrobiens et transporteurs de gaz. La taille des cristaux de zéolithes
joue un réle trés important dans les études in vivo. Les zéolites a micronsure ont une structure
de pores bien définie et une capacité de sorption élevée, mais elles ne sont pas stables dans les
solutions, car elles ont tenda&nma s’agréger, ce qui influence leur activité et leur transport,
entrainant des effets toxiques. En revanche, les nanozéolites de taille <100 nm possédent
toutes les propriétés texturales importantes et, surtout, sont stables dans les suspensions
colloidales. De plus, ils montrent I'absence de toxicité aigué et chronique chez les animaux
vivants, ce qui en fait des candidats parfaits pour une utilisation biomédicale

Bien que de nombreuses études aient €été consacrées a 1’étude de ’utilisation des zéolithes
en microbiologie et en médecine, le potentiel de ces matériaux reste encore a développer,
principalement en ce qui concerne leurs biocompatibilités et leurs sélectivités.

L'objectif de ce doctorat est de synthétiser et de modifier post-synthétiquement la
nanozéolithes FAU-X sans agents structurants organiques pour des applications biomédicales.
Les altérations post-synthéses impliquent principalement l'optimisation de la procédure
d'échange d'ions pour l'introduction de différents cations et donc la fonctionnalisation pour
I'application souhaitée. Les informations obtenues tout au long de cette étude permettront de
comprendre I'effet de I'échange de cations dans la structure des zéolithes et ses propriétes liées

aux applications recherchées.
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2 Bibliographie

Les zéolithes sont par définition des aluminosilicates poreux cristallins constitués de quatre
tétraédres liéE! Les atomes cadres (FOpeuvent étre substitués de maniére isomorphe par
d'autres éléments de taille et de valence appropriées (T = Ge, Ga, P, Ti, B, Fe...). Les atomes
cadres s'organisent autour des especes modeles, des cations de métaux alcalins avec leurs
sphéres d'hydratation ou des especes organiques chargées positivement, pendant le processus
de cristallisation, qui se déroule dans des conditions hydrothermales. Cette interconnexion
spécifique forme une structure de réseau tridimensionnelle, résultant en un espace
microporeux, des canaux et / ou des cavités, leur conférant des caractéristiques de tamis
moléculaires. Il existe plus de 239 types de zéolithes synthétiques, tous répertoriés sur le site
Web de I’International Zeolite Association (IZA).[® Leur structure est définie par la topologie
du cadre établie par la disposition des unités de construction primaires, secondaires et
polyédriques? Ces matériaux cristallins sont regroupés en trois types de catégories en
fonction de la plus grande dimension des pores de I’ossature: (i) les zéolithes a petits pores, a
8 chainons (8-MR) (RHO et CHAY! (ii) zéolithes & pores moyens, 10-MR (FER and
TON)* et (iii) zéolithes & grands pores 12-MR (FAU, IWW.Il y a peu de zéolithea
pores extra-larges (> 12-MR), mais la recherche de tels matériaux est tres intense au cours de

la derniére décenni&14

La base de données IZA contient des informations détaillées sur toutes les zéolithes
synthétiques, a partir du type de structure, des dimensions, des conditions de synthése, etc.
Neéanmoins, les propriétés finales d’une z€olithe sont controlées par une réaction spécifique.

Le nombre d'atomes d&ldans la structure zéolithique est un paramétre important qui régit

les propriétés principales des aluminosilicates. Si la matrice zéolithique est composée
uniquement de cations“S;j la silicalite correspondante (SiQdans la structure tétraédrique
présente une charge neutre. Toute substitution‘I@&i des atomes d'&lIse traduit par une

charge cadre négative, qui doit étre compensée par un contre-catioiK{NiHs* ou HY).

Lors du changement du type de cation (situé dans les canaux de la structure et les cages), les
propriétés physiques des zéolithes sont modifiées, ce qui influence leurs domaines
d’applications. La teneur en AI®* dans la structure contréle également les propriétés
hydrophiles des zéolithes, car sa charge négative qui attire les molécules d'eau pel@jces (H

Par conséquent, les zéolithes a haute teneur en alumine sont considérées comme hydrophiles,

tandis que celles a forte teneur en silice se révelent hydrophobes. Par conséquent, l'acidité des
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zéolithes augmente avec l'augmentation de la teneur ¥n34 force est influencée par la
densité des sites acides et donc par le rapport Si/Al, qui est un point important comgée tenu
Iutilisation de zéolithes en tant que catalyseurs acides solides.'® Cependant, le degré de
substitution Si* a AP* est limité & 50%, comme le stipule la régle de Léewenstein (régle
d’évitement Al); deux espéces tétraédriques Al (O-Al-O) ne peuvent pas partager un atome O
voisin en raison de la répulsion électrostatique de la charge négative, a la suite de quoi le O-

Al-O doit étre séparé par au moins un sit8i<D.

La premiére zéolithe qui a ouvert la porte a des applications commerciales

d’aluminosilicates a ét¢ utilisée dans les années 60 par Mobil Oil Corporation. Ils ont utilisé la

zéolithe synthétique de type faujasite (FAU), X et Y, comme catalyseur du processus de
craquage catalytique fluide (FCEY. De nos jours, la famille des zéolithes FAU et bien
d'autres, a savoir MFI, Beta, FER, MOR et TON, sont utilisées dans divers procédés
catalytiques et de séparation utilisés dans le raffinage du pétrole et la pétréhimie.
L'utilisation de zéolithes en tant que catalyseurs représente environ 27% du marché mondial
des zéolithes, dont 95% sont utilisés comme catalyseurs FCC. La consommation mondiale
totale de zéolithes est estimée a environ 350 000 tonnes parlaAnatique du Nord est la

principale consommatrice (Figure 3.

m North America 339
m Europe 15%
m Japan 5%

Other Asia 27%

H Rest of the World

Figure 2: Consommation annuelle de zéolithes par zone. Modifi€de

L'attraction générale provoquée par les zéolithes dans les applications industrielles et
environnementales peut étre justifiée par leurs propriétés distinctives telles que: (i) une
structure de pores bien définie, qui les rend sélectives, (ii) une stabilité thermique et chimique

élevée, ce qui est important lors de conditions d'exploitation difficiles, (iii) forte acidité de
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Bronsted (essentielle pour les transformations catalytiques) et (iv) capacité d'échange de
cations, importante pour un usage environnemental, par exemple adoucissement de l'eau,
traitement des eaux usé¥s% Par conséquent, toutes ces propriétés d’engagement des
zéolithes ont largement utilisées dans le FCC mentionné précédemment, mais aussi dans
I’isomérisation des paraffines, le traitement aromatique et la sorption/séparation des gaz.[?12?!

En outre, les propriétés des zéolithes, a savoir la taille des cristaux, la porosité (zéolithes
hiérarchiques micro-mésoporeuses) et l'accessibilité aux acides actifs peuvent étre modifiées
en utilisant diverses modifications post-synthétiques en fonction de I'application requise.
L'examen général de toutes les modifications post-synthétiques possibles et de leurs résultats

est bien présenté par Valtchetval?®!

Considérant toutes les transformations morphologiques importantes des zéolithes, ou
I’objectif principal est d’améliorer leurs propriétés et donc leurs activités a déja été étudiée.
Celui qui a attiré le plus d'attention était la réduction de la taille des cristaux de zéolithes a
I'échelle nanométrique. Les principaux avantages des nanozéolithes sont la taille des cristaux
variables, la surface externe élevée, 1’accessibilité accrue aux micropores et la diminution des
contraintes de diffusion (Figure B}l Ces propriétés ont permis de tester les nanocristaux
dans des réactions catalytiques ainsi que des membranes et des films dans la séparation et la
détection des gdz>?% De plus, la synthése sans agents structurants organiques des
aluminosilicates nanométriques, associés a leur ingénierie des cristaux et a leur
biocompatibilité, a ouvert la voie a de nouvelles applications liées a la biologie et a la

médecine, par exemple biosensing, administration de gaz / médicaments et antid&ctdrien.

Short diffusion pathway Q:

Bi-modal porosity qz

Figure 3: Propriétés avancées des nanozéolifties.
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3 Objectif et méthodologie

Le but de ce doctorat est de préparer et de modifier la zéolithe X nanométrique avec
différents cations pour des applications biomédicales telles que la microbiologie et la

distribution de gaz.

Il est essentiel de comprendre les propriétés physiques et chimiques du matériau
zéolithique synthétisé afin de les fonctionnaliser pour certaines applications. Par conséquent,
l'importance de choisir des techniques de caractérisation appropriées, hautement sensibles et
précises est hautement reconnue. La boite a outils des différentes méthodes de caractérisation
a été utilisée car une technique solitaire n'est pas totalement représentative des zéolithes. Les

méthodes de caractérisation consistent en:

¢ Diffraction RX > Cristallinité et pureté
e Dynamic light scattering > Distribution granulométrique
e Potentiel Zeta > Stabilité des particules
e Physisorption de gaz > Analyse texturale
¢ Analyse thermogravimétrique > Modifications physico-chimiques
e MEB > Morphologie
o Induc_tively_ co_upled plasma > Analyse chimique
atomic emission spectroscopy
e In-situFTIR > Propriétés d'adsorption
e Magnetic Resonance Imaging > Réoxygénation tissulaire

4 Conclusion générale

L'efficacité décroissante des traitements conventionnels tels que les antibiotiques pour
lutter contre les maladies infectieuses causées par divers types de bactéries devient un
probléme sérieux en ce qui concerne le nombre de cas dédébesplus, le développement
de nouveaux meédicaments antibactériens est un processus laborieux et colteux et leur

utilisation intensive entraine des effets secondaires. Par conséquent, |'élaboration de nouvelles
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stratégies pour éliminer les bactéries et prévenir ainsi les maladies infectieuses est tres
demandée. Un deuxiéme sujet de préoccupation concernant la résistance au traitement est lié a
I'efficacité de la radiothérapie dans les tumeurs cérébrales. Il a été rapporté quéalzessis
provient d'un déficit en oxygéne dans les tissus tumoraux, appelé hifp@aes le cadre de

la présente étude, nous avons exploré la possibilité d'utiliser des nanozéolithes a échange de
métaux en tant qu'agents antimicrobiens et transporteurs de gaz. La faujasite-X est la zéolithe
choisie en raison de ses propriétés variables, de son grand volume de pores et de sa grande
capacité de cations échangeables.

Dans cette étude, nous rapportons: (i) I'effet de la zéolithes FAU-X nanométrique modifiée
au cuivre sur des bactéries de type ESKAPE, (ii) la nanozéolithe contenant du métal comme
outil d'oxygénation et de visualisation tissulaire et enfin la hanozéolithe de type faujasite en
tant que vecteur d'oxyde nitrique et de gaz carbogéne pour prévenir des conditions mettant la

vie en danger.

Dans I'étude de cas décrite au chapitre 3, I'utilisation de la nanozéolithe Cu-FAU sous
forme de suspension stable pour la désinfection directe des surfaces de soins a prouvé son
efficacité comme agent antimicrobien contre les agents pathogénes ESKAPE (especes
Enterococcus, Staphylococcus aurekifebsiella pneumonigePseudomonas aeruginosd
lesespéces Enterobac)er

» Tests semi-quantitatifs utilisant des plaques de thioglycolate: les agents patlsogene
ESKAPE ont été tués dans les 100 minutes suivant I'application d'une suspension de Cu-X. E.
faecalis s'est avéré étre la bactérie la plus résistante. Par conséquent, pour inhiber sa
croissance, la concentration en Cu-X doit étre doublée.

 La survie des micro-organismes sur les coupons en acier inoxydable: Une destruction
compléete pour trois bactéries sélectionnées a été obtenue dans les 20 minutes pour P.
aeruginosa et dans les 10 minutes pour K. pneumoniae et S. aureus. Cela a confirmé que le

cuivre contenant la nanozéolithe FAU-X est un agent antimicrobien efficace.

* La forme sodique de la nanozéolithes n’a montré aucune activité antibactérienne.

Au chapitre 4, la capacité des nanozéolithes a agir comme vecteur de gaz pour

I'oxygénation des tissus dans les tumeurs du glioblastome a été étudiée.

* La nanozéolithea contenant des métaux n'a montré aucun effet toxique nocif envers
différentes cellules, y compris le glioblastome humain (U87-MG), les reins (HEK 293) et les

astrocytes de souris, démontrant ainsi leur biocompatibilité.
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* La nanozéolithe Gd-X chargée de C&ou de carbogéne (95% ©t 5% CQ) a augmenté
le volume sanguin et la concentration en oxygene dans le tissu tumoral, ce qui a entrainé une

ré-oxygénation des tissus.

* Le Gd introduit dans la zéolithe agit comme un agent de contraste IRM, permettant de

suivre I’accumulation spécifique de cristaux de zéolithes nanométriques dans la tumeur.

* Les résultats ont confirmé la possibilité d'utiliser des nanozéolithes contenant des métaux
comme outil théranostique pour le développement de nouvelles stratégies de lutte contre les

tumeurs cérébrales.

Dans les travaux présentés au chapitre 5, la capacité du cuivre contenu dans la
nanozéolithe FAU-X a adsorber I'oxyde nitrique (NO) et le gaz carbonie@g,(ainsi que

I'évaluation de sa toxicité vis-a-vis des cellules, a été étudiée.

» La nanozéolithes fonctionnalisée avec du cuivre augmente 1’adsorption de NO de 36%

par rapport a la nanozéolithes sous forme sodique.

* La forme sodique de la faujasite a démontré une meilleure capacité d’adsorption vis-a-vis

du CQ.

* Les résultats indiquent que les propriétés d’adsorption de gaz des nanozéolithes peuvent
étre ajustées par simple échange de métaux, soulignant I’importance du choix des cations pour

I’application souhaitée.

* Les nanozéolithes Na- et Cu-X présentent un caractére non toxique envers les cellules de
glioblastome humain (U87-MG), de rein (HEK 293) et d'astrocytes de souris.

En résumé, nous avons démontré 1’utilisation efficace de nanozéolithes a fonction
métalligue pour agir respectivement comme agent antimicrobien et vecteur gazeux en
microbiologie et en biomédecine. Les résultats ont montré que les propriétés du matériau
peuvent étre ajustées grace a une sélection minutieuse du cation de la structure dieda zéoli
afin de les rendre compétentes pour une tache donnée. La grande sélectivité des nanozéolithes
et leurs nornexicités permettent de les tester dans d’autres applications biomédicales, ou
I’administration de substances controlées est envisagée. Néanmoins, des recherches

supplémentaires sont nécessaires pour évaluer leur plein potentiel dans ce domaine.
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5 Perspectives

Indépendamment de nos résultats de recherche, il y a encore des domaines dans ce travail
qui exigent une enquéte plus approfondie. A I'avenir, des expériences supplémentaires sont
nécessaires pour obtenir des connaissances approfondies sur les performances des

nanozéolithes a échange de métaux.

Dans les recherches présentées, le réle important du cation dans la structure de la zéolithes
dans les propriétés d'adsorption des antimicrobiens et des gaz a été souligné. Cependant, la
localisation des cations n'a pas été étudiée. Cela pourrait étre utilisé pour améliorer la
compréhension de I'environnement et le rendre plus efficace. La localisation de différents
cations pourrait étre étudiée a l'aide de la résonance magnétique nucléaire a kgat soli
(RMN), de la résonance paramagnétique électronique (RPE) et de la spectroscopie

Mossbauer.

En ce qui concerne la microbiologie, les tests supplémentaires peuvent inclure
lincorporation de différents cations dans la structure de la zéolithe, Zn, Co,!#t,|Nierait

trés utile d'évaluer I’efficacité de chaque métal envers un large éventail de micro-organismes.

Compte tenu des applications de distribution de gaz, différents types de structures en
zéolithes pourraient étre testés pour déterminer leur capacité d’adsorption et leur spécificité
lorsqu’ils sont échangés avec divers cations. Cependant, dans le cas des zéolithes pour des
applications biomédicales, ils doivent étre synthétisés en l'absence d’agents structurants
organiques, avec des tailles <100 nm, qui sont a ce jour limitées a huit types de Z&blithes.
En outre, I'échange de métaux joue un rbéle important, tout en réduisant la disponibilité des

sites actifs et en limitant ainsi lI'adsorption.

Ce projet de recherche a un grand impact scientifique. C'est également important pour
notre société, car nous luttons contre une augmentation constante de la résistance aux
traitements. Il existe de nombreuses possibilités d’optimiser les matériaux zéolithiques pour
trouver celui qui convient le mieux a une application biomédicale particuliere. Les
investigations complémentaires ont été menées pour améliorer les connaissances et les

performances des zéolithes dans ce domaine scientifique.
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Abstract

The properties of nanozeolites, namely, large surface area, hydrothermal stability and non-
toxic nature, enable their utilization in forward-looking applications, including biomedicine
(sensors, drug and gas delivery) and microbiology (antibacterial agents). Hence, a lot of
research has been devoted to study the new biomedical applications using zeolitic materials,
their full potential has still not been fully unveiled.

It is well recognised that growing resistance to already established treatments of tumors
and bacterial infections using radiotherapy and antibiotics is a distressing matter. Therefore,
the development of new therapeutic strategies towards above issues is of great demand.

The goal of this PhD research is to synthesise and post-synthetically modify nanosized
zeolites for biomedical applications. This involves the ion-exchange of zeolite with various
cations to find the most suitable one for desired applications in regards to antimicrobial
treatment, tumour tissue reoxygenation and gas delivery.

In this study, we report: (i) the effect of copper modified nanosized FAU type zeolite on
ESKAPE type bacteria (Chapter 3), (ii) the metal containing nanozeolite as a tool for tissue
oxygenation and visualisation using MRI (Chapter 4), and lastly (iii) the use of FAU
nanozeolite as nitric oxide and carbon dioxide gas vector to prevent life threatening

conditions (Chapter 5).

Les propriétés des nanozéolithes, a savoir leur grande surface, leur stabilité hydrothermale
et leur nature non toxique, permettent leur utilisation dans des applications prospectives,
notamment la biomédecine (capteurs, administration de médicaments et de gaz) et la
microbiologie (agents antibactériens). De nombreuses recherches ont été consacrées a 1’étude
de nouvelles applications biomédicales utilisant des matériaux zéolithiques, toutefois leur
plein potentiel n’a toujours pas été pleinement dévoilé.

Il est bien connu que la résistance croissante aux traitements établis de tumeurs et
d’infections bactériennes par radiothérapie et antibiotiques est un probleme de premiere
importance. Par conséquent, le développement de nouvelles stratégies thérapeutiques pour
résoudre ces problemes est tres démandé.

L'objectif de cette recherche de doctorat est de synthétiser et de modifier post-
synthétiquement des zéolithes nanométriques pour des applications biomédicales. Cela

implique I'échange d'ions de zéolithe avec divers cations pour trouver celui qui convient le



mieux aux applications souhaitées : le traitement antimicrobien, la réoxygénation des tissus
tumoraux et I’administration de gaz.

Dans cette étude, nous rapportons: (i) I'effet de la zéolithe FAU de type nanométrique
modifiée au cuivre sur les bactéries de type ESKAPE (chapitre 3), (ii) 1’utilisation de
nanozéolithes contenant du métal comme outil d'oxygénation et de visualisation tissulaire
(chapitre 4) et enfin (iii) l'utilisation de nanozéolithes FAU comme vecteur de I'oxyde nitrique

et du dioxyde de carbone pour prévenir des maladies potentiellement Iétales (chapitre 5).
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