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ABSTRACT

Antimicrobial resistance is a growing health concern being the cause of higher
morbidity and mortality worldwide. Alongside the increased number of resistant
bacterial strains identified and the reduced number of new antibiotics in the pipeline,
the development of new antimicrobial therapies is crucial. Silica nanoparticles present
unique properties for the design of novel drug delivery systems. The chemical
versatility of their surface and framework proposes an advantage for the design of

innovative antibiotic delivery systems.

Hereby, we present different approaches for the development of novel silica
nanoparticles for the efficient delivery of antibiotics against Gram-negative bacteria.
Firstly, surface functionalization of silica nanoparticles led to a novel drug delivery
system able to deliver an antibiotic inside Gram-negative bacterial cells, that in its free
form is not active due to the reduced permeability of Gram-negative bacteria.
Furthermore, the simultaneous inclusion of a ruthenium(ll) luminescent metal complex
alongside an antibiotic allowed the tracking of the therapeutic nanoparticles. Further
Fe3* cation complexation to the ligand attached to the nanoparticle surface is
determined to be an excellent approach to enhance the uptake of nanoparticles in
bacterial cells driven by nutrient uptake systems expressed in the bacterial membrane.
Another studied approach consisted of the modification of silica nanoparticles
framework with spiropyran derivatives to achieve photoresponsive particles that
displayed light triggered antibiotic release against urinary tract pathogenic bacterial

cells.

Finally, two different approaches for the modification of nanoparticle’s framework were
investigated by development of polysilesquioxane nanoparticles and micelle-driven

Il
Asier Rodriguez Muguruza — December 2023



encapsulation in order to enhance the loading and release of a model hydrophobic
antibiotic resulting in nanoparticles with better antibiotic delivery performance than

traditional non-porous and mesoporous silica nanoparticles.
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1. GENERAL INTRODUCTION

1.1. Antimicrobial resistance
Antimicrobial resistance (AMR) is a major health challenge worldwide, being the cause
of significant morbidity and death globally. It has been estimated that in 2019 1.27
million deaths were directly attributed to AMR, while 4.95 million deaths were caused
by conditions associated with resistant bacterial infections (Figure 1.1A)."2 It has been
also argued by The Review on Antimicrobial Resistance, commissioned by the UK

Government, that AMR could kill 10 million people per year by 2050 (Figure 1.1B).3

A) B)

Resistance AMR in 2050
[ Associated with resistance
150 I Attributable to resistance 10 m|”|0n
Tetanus
60,000
<
2
2 1004
g )
;“‘ Road traffic
S accidents Cancer
8
:é 1.2 million 8.2 million
£ AMR now
.;t 50 700,000
3 (low estimate)

Measles Cholera

130,000 100,000—
120,000

Diarrhoeal
disease Diabetes

%,
2

1.4 million 1.5 million

GBD region

Figure 1.1. (A) All-age rate of deaths attributable to and associated with bacterial
antimicrobial resistance by Global Burden of Diseases, Injuries, and Risk Factors
Study (GBD) region in 2019. Estimates were aggregated across drugs, accounting for
the co-occurrence of resistance to multiple drugs. Error bars show 95% uncertainty
intervals." (B) Estimated deaths attributed by cause of deaths from 2016 until 2050.3

ARM is the results of bacterial cells expressing resistance against the action of one of
more antibiotics. Some bacteria are intrinsically resistant to certain antibiotics, but they
can also acquire resistance to antibiotics through different mechanism. Among all the

bacterial species, the so-called ESKAPEE pathogens (Enterococcus faecium,

1
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Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Escherichia coli and Enterobacter spp.) represent the most

concerning bacterial species due to their multidrug resistance and virulence.*

1.1.1. Mechanism of action of antibiotics
A substance able to inhibit bacterial growth or reduce bacterial viability is defined as
an antibiotic. Even though a large number of antibacterial compounds have been
identified only few of them have gone through clinical trials and a very limited number

of them approved by official institutions for their applications in the clinic.®

Table 1.1. Classification and mechanism of actions of the main classes of antibiotics,
adapted from Darby et al.®

Class Examples Mechanism of action
Gentamicin, Protein translation inhibition by targeting 16S
Aminoglycosides Streptomycin, rRNA of the 30S ribosomal subunit’
Kanamycin Pore formation in outer membrane®
Penicillins,

Inhibition of cell wall peptide crosslinking by

B-lactams Carbapenems, binding the penicillin-binding proteins®

Cephamycins

Cell wall inhibition by binding to peptide chain of

Glycopeptides Vancomycin peptidoglycans™®
Macrolides E;ytik:;onr:;gicr:n, Protein translation inhibition by targeting 23S
P ’ rRNA of the 50S ribosomal subunit

Azithromycin

Ciprofloxacin,
Fluoroquinolones Trovafloxacin,

Levofloxacin gyrase and polymerase IV'?

Rifampicin,
Ansamycins Geldanamicin,
Strptovaricin

Transcription inhibition by binding RNA
polymerase™

Sulfamethizole,
Sulfonamides Sulfadimide,

14
Sulfademethoxime synthase
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Inhibition of DNA replication by binding the DNA

Cell growth inhibition by binding dihydropteroate



Tigecycline, Protein translation inhibition by targeting 16S

Tetracyclines Tetracycline, rRNA of the 30S ribosomal subunit'®
Doxycycline
Cationic peptides Colistin Membrane permeabilization by binding the lipid

A in lipopolysaccharides'®

Antibiotics can be classified based on their chemical structure (Table 1.1), by their

mechanism or spectrum of action.

Some antibiotics target the bacterial cell membrane, inhibiting growth of bacteria
directly disruption the membrane. B-lactams® and glycopeptides' are very well known
and widely used cell wall synthesis inhibitors. B-lactams target the penicillin binding
proteins (PBPs) located in the membrane of the bacterial cell.® PBPs are involved in
the peptidoglycans crosslinking process, the main component of the bacterial cell wall.
Upon binding of B-lactams to PBPs’ active site, the active site of PBPs is blocked and
the biosynthesis interrupted. Similarly, glycopeptides also inhibit the crosslinking of
peptidoglycans in the cell wall. In this case, the inhibition takes place as the
glycopeptide bind the terminal D-Ala-D-Ala of the peptidoglycan, blocking its
recognition by the PBP.™ Furthermore, another difference between B-lactams and
glycopeptides is their spectrum of action, as glycopeptides display very low or even
no activity against Gram-negative bacterial cells due to low membrane
permeability.'®'” However, some aminoglycosides are also able to increase cell
membrane permeability by pore formation.® Nevertheless, all antibiotics that target the
cell wall do not need to be internalised. Such a case are cationic antimicrobial peptides
(AMP) such us colistin.” Their mechanism of action relies on membrane disruption by

internalization between membrane lipopolysaccharides or by increasing
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permeabilization due to charge unbalance after scavenging structurally important

divalent cations from the cell membrane.

Protein translation is also a targeted process for several types of antibiotics.
Aminoglycosides’ and tetracyclines' are able to inhibit protein translation by binding
to the 30S ribosomal subunit of the 16S rRNA (ribosomal RNA); while macrolides bind
the 50S subunit. Fluoroquinolones, on the contrary, target DNA gyrase by inhibiting
DNA replication.” Furthermore, fluoroquinolones also inhibit protein transcription by
targeting DNA polymerase.’® In case of ansamycin, they target RNA polymerase,

inhibiting its activity.'

Nonetheless, antibiotics can also target other processes, such as folic acid
biosynthesis. Sulphonamides act as a competitive inhibitor with p-aminobenzoic acid,
which is involved in the metabolic cycle of folic acid.™ Trimethoprim and its derivatives
inhibit the reduction of dihydrofolate to tetrahydrofolate, a crucial step in the folic acid

biosynthesis. %20

1.1.2. Resistance mechanisms
Bacterial cells can present intrinsic and acquired resistance mechanisms against
antibiotics (Figure 1.2). Intrinsic mechanisms rely on the genes that bacterial cells
already possess and, hence, can be used by cells to protect themselves from
antibiotic’s effect.® Acquired resistance mechanism, however, takes place after a
bacterial cell gains genetic material that provides further protection against antibiotics.
These mechanisms can be acquired after mutations during cell replications or by
horizontal gene transfer, which involves the acquisition of genetic material from

another bacterial cell via different processes.
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Figure 1.2. Overview of the molecular mechanisms of antibiotic resistance.
Reproduced from Darby et al.®

Among the intrinsic resistance mechanisms, reduced cell permeability and efflux
pumps are particularly important for resistance to antibiotics. The target of many
antibiotics is located in the cytoplasm of bacterial cells, and thereby, the antibiotic
needs to cross the cell membrane to reach it. Nevertheless, in case of Gram-negative
bacterial cells, the impermeability of the double cell membrane prevents some
antibiotics from crossing to the cytoplasm, and thereby reduces their activity.?'-23 Cell
impermeably is, in fact, one of the most significant resistance factors in Gram-negative
bacteria. Furthermore, changes in the membrane, such as loss of porins (B-barrel
membrane proteins that act as pores for different substrates to penetrate the cell)?* or
alteration of phospholipids and fatty acids can also affect the ability of molecules to

penetrate the cell.?’ Gram-positive bacterial cells, on the contrary, possess a simpler
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cell membrane composed by a single cell membrane with no cell wall, that ease the

transport of antibiotics inside the cell.

Efflux pumps are also one of the biggest AMR contributors alongside reduced cell
permeability. Efflux pumps are transmembrane proteins that are able to transport a
wide range of substrates, including antibiotics into the bacterial cell but also from the
bacterial cell to the outside media. Efflux pumps are present in all bacterial cells but in
Gram-negative species they are a major AMR contributor. Resistance-nodulation-
division (RND) family of efflux pumps are those that specially confer the most clinically
relevant resistance in Gram-negative species.?®>?% Furthermore, due to the ability of
efflux pumps to transport a wide variety of antibiotics, their overexpression contributed

to multidrug resistance.?’28

Furthermore, other AMR mechanisms are involved with the target structures of
antibiotics. Target modification and protection also lead to resistance against those
antibiotics that were meant to target those modified or protected structures. These
modifications decrease the affinity between the antibiotic and the target structure,
reducing, or even inhibiting the activity of the antibiotic.”?® For example, amino acids
substitution in the target enzyme of quinolones reduced their affinity while not having
any consequence for its activity of the abovementioned enzyme. Similarly, mutations
in the PBP lead to decreased susceptibility to p-lactams.®® Protection of binding sites
can also be achieved by simple chemical modifications. Methylation of the target
structure on the 16S rRNA results in protection against macrolides.3! Addition of
phosphoethanolamine groups to outer membrane lipopolysaccharides alters their

structure and confers resistance against membrane disruptors like colistin.3?
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Finally, other AMR mechanisms directly tackle the antibiotic itself: antibiotic
degradation of modification. The clearest example of antibiotic deactivation is B-lactam
ring opening by pB-lactamase enzymes. B-lactam deactivation is also the leading cause
of carbapenem resistance, which has been listed as ‘critical’ priority by the World
Health Organization.®3 Enzymatic oxidation of tetracyclines is also a common AMR
mechanism.?* Beside antibiotic degradation, affinity between antibiotic and its target
structure can also be reduced by enzymatic modification of the antibiotic by
acetyltransferases,3® phosphotransferases,3® nucleotidyltransferases,3’

glycosyltransferases,® ribosyltransferases®® and monooxygenases,*® among others.

1.2. Nanoparticles for antibiotic delivery
Due to the increase in AMR and its consequences, new approaches to combat
resistant bacterial infections have been explored. One of the most explored
approaches has been the design and synthesis of new antimicrobial agents able to
overcome identified resistance mechanisms.*' This approach consists of chemical
modifications of current Food and Drug Administration (FDA)-approved antibacterial
compounds, increasing their activity and overcoming resistance mechanism against
them. However, this process is very time consuming.>4243 In addition, due to the close
resemblance of the new antibacterial agent to the parent molecule, resistance to the

new antibiotic is identified shortly after its implementation in the clinic 44

Thereby, nanotechnology has stood up as a promising toolbox for the development of
new antibacterial therapies. In particular, nanoparticles have attracted the attention of
the scientific community as drug delivery systems (DDS) due to their chemical

versatility and promising results (Figure 1.3).4°46 Nanoparticles are defined as
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nanosized structures with dimensions between 1 and 100 nm. Nanoparticles can
present different composition, structure, and morphology (Figure 1.3). Nanoparticles

have been widely investigated as DDS.

Organic Inorganic

Lipid-based Polymer-based

Micelle

Silica nanoparticle

Liposome Metal nanoparticles

(AuNPs, AgNPs)

Lipid nanoparticle Polymeric nanoparticles Metal oxide nanoparticle
(Fe304, Zn0O, CuO, TiO,)

Figure 1.3. Classification of nanoparticles reported for antibiotic delivery. Micelle and
liposome structure reproduced from Husseini et al.4’

1.2.1. Silica nanoparticles for antibiotic delivery
Among the wide variety of nanoparticles investigated in the literature, silica
nanoparticles (SiO2) are a unique type of inorganic nanoparticles that have been
extensively explored for antibacterial therapies with higher biocompatibility.*3->! Due
to their surface chemistry, SiO2 present a high colloidal stability and their facile

synthesis allows the production of SiO2 with different sizes, morphologies and particle
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structures (Figure 1.4).5%°2 Furthermore, the chemical versatility of the hydroxyl groups
in nanoparticles surface allows surface functionalization of nanoparticles with a large

library of moieties, leading to bespoke nanoparticles with unique properties.

Nonporous SiO, Mesoporous SiO, Hollow SiO, Hollow MSN
(MSN) (hSiO,) (hMSN)
Si0,@Si0, MSN@SiO, Si0O, @MSN MSN@MSN
Core-Shell Core-Shell Core-Shell Core-Shell

Figure 1.4. Representation of different SiO2 nanoparticles obtained following different
synthetic methodologies.

1.2.1.1. Non-porous silica nanoparticles

The first described synthetic procedure for the production of SiO2 was reported by
Stober et al. in 1968; afterward named as ‘Stober synthesis’.>® This methodology
results in nonporous SiO2 with varying sizes between 50 nm and 2 um. The silica
framework formation has been widely investigated. The framework synthesis starts
with the hydrolysis of the silane precursors, mostly tetraethoxysilane (TEOS) under
basic or acidic conditions, leading to the silanol form of the precursor. Then,
condensation between silanol groups creates siloxane species that keeps
polymerizing to form a nucleus from which growth continues, forming the SiOz particle

(Figure 1.5).53-5 Hydrolysis and condensation reaction take place simultaneously
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during the SiO2 formation. The concentration of the catalyst, precursor, reaction time

and temperature control the size and polydispersity of nanoparticles.6->"
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Sio,

Figure 1.5. Mechanism of SiO2 framework synthesis under (A) basic or (B) acidic
conditions.

The use of SiO; as DDS has been widely investigated.®'°258-60 Due to the
nanoparticle’s non-porous structure, antibiotics cannot be adsorbed within
nanoparticles framework once the particle has been formed. Thereby, two major
strategies are followed for the development of antibiotic containing SiO2: antibiotic
inclusion within nanoparticles framework during synthesis and antibiotic conjugation

onto nanoparticle surface (Figure 1.6).%

The most straightforward approach for the development of SiO2 containing antibiotics,
is the antibiotic entrapment within the siliceous framework during particle formation.
Briefly, nanoparticle synthesis takes place in an ethanolic solution that already
contains the antibiotic of interest. The inclusion of the antibiotic is then driven by the
interactions between the forming framework and the antibiotic. This is a crucial feature
as the encapsulation efficiency (EE) of the antibiotic mainly relies on these
interactions. This is one of the limiting factors for encapsulation if hydrophobic or
negatively charged antibiotics.®! Antibiotic such as tetracyclines,®? gentamycin®3-¢°,

rifampicin®3-® or vancomycin®” have been included into SiO2 nanoparticles and their

10
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activity proven against Gram-negative bacterial cells. Furthermore, the major
restriction of this approach is the low release efficiency of loaded nanoparticles, due
to the low porosity of the network, diffusion of incorporated antibiotic is limited, leading
to low release efficiency. However, the quantity of release could be enough for the

intended application.®’

A)

Silica
formation
L —

Antibiotic

SiO,oAntibiotic

@

Silyl-modified
antibiotic

@

Antibiotic

sio,

v

Antibiotic@SiO,

Functionalized SiO,

Figure 1.6. Strategies of nonporous SiO2 containing antibiotics production by (A)
antibiotic inclusion during particle formation and (B) antibiotic conjugation onto
nanoparticles surface.

Conjugation of antibiotic onto nanoparticles surface has been another explored
strategy. The antibiotic conjugation can directly be achieved using a silyl-derivative
antibiotic or can be achieved by reacting an antibiotic to an already conjugated
functional group on the nanoparticle surface (Figure 1.6B). In this way antibiotics such

as vancomycin®-7% and fluoroquinolones”'~"3 have been conjugated, among others, 4

11
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6 and resulting nanoparticles have showed successful antibacterial activity.
Nevertheless, the extra conjugation step or steps required for this approach limits its
applications and the covalent modification of the antibiotic must be studied case by

case not to affect the activity of the antibiotic.””

Beside low molecular weight antibiotics, antibacterial peptides have been also added
onto SiO2 surface. Electrostatic interaction between cationic peptides and negatively
charge SiO; surface is the preferred strategy;’®’® nevertheless, tailored approaches
have been developed where covalent conjugation between the peptide and particle’s

surface has been achieved.??

1.2.1.2. Porous silica nanoparticles
The chemical versatility of the Stdber synthesis has also allowed the development of
porous silica nanoparticles with pore sized within the meso (2 nm — 50 nm) or macro
(> 50 nm) ranges. Materials with macropores usually present dimensions bigger than
1 um and, thereby, they are not usually classified as nanomaterial. On the contrary,
mesoporous silica nanoparticles (MSNs) have been widely employed as DDS for
antibacterial purposes due to the possibility of using their mesopores as antibiotic

reservoirs.%2:81

Synthesis of MSNs is based on a modified Stdber synthesis were the presence of a
liquid-phase tempted is required. The template is commonly a cationic surfactant able
to form micellar aggregates at the beginning of the synthesis. After silica precursor
addition, the siliceous framework is formed around the template driven by attractive
electrostatic interaction between the cationic template and the negatively charge

framework. Finally, and in order to make the formed porosity accessible to the
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inclusion of antibiotics, the template must be fully removed or by calcination treatment
of by acidic extraction (Figure 1.7). In fact, full removal of the templating agent is a
crucial step in the development of MSNs as DDS due to the toxicity of the

template.48.82.83

.
t e i} Template
— —» £ —
{‘_w} s removal
2

Surfactant

""""""""""""""""""""""" > Templated MSNs Empty MSN Antibiotic loaded MSN
Template self-assembly

Figure 1.7. Scheme of the synthesis of MSNs using a liquid phase template, its
removal after particle formation and antibiotic encapsulation.

The porous structure of MSNs is a result of the employed template during the
synthesis. The most commonly reported MSNs topology MCM-41 (MCM = Mobile
Composite Material), which consist on hexagonally arranged unidimensional periodic
porosity formed using cetyltrimethylammonium chloride (CTAB) as templating agent.8
Nevertheless, a large number of topologies have been achieved after changing the

templating agent of the synthetic conditions (Figure 1.8).

MCM SBA KIT COK FDU
. g '
KIT-5

MCM-41 SBA-12 COK-12 FDU-2

i
", I ;
MCM-48 HEE FDU-12
KIT-6
’ <
7 Be
E—sv - 9
mee e e e
MCM-50 SBA-16

Figure 1.8. Structure of different MSNs reported as antibiotic DDS reproduced from
Rastegari et al.>® (SBA = Santa Barbara Amorphous materials, KIT = Korean Institute
of Technology, COK = Centrum voor Oppervlaktechemie en Katalyse and FDU =
Fudan University)
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As previously mentioned, antibiotics can be encapsulated within the MSNs
mesopores. Molecular antibiotic such us, aminoglycosides,?>8° glycopeptides,®*°! B-
lactams,®:92-96  fluoroquinolones,?”9-19  macrolides,'%41% tetracyclines®:1°%¢ or
ansamycins®”197.19 have been encapsulated in MSNs. Nevertheless, due to the large
pore size of MSNs, other bigger antimicrobial compounds, such us peptides, have
been also encapsulated,’®79.90.101.109.110 = highlighting the versatility of these
nanoparticles. Beside antibiotic encapsulation within the MSNs pores, antibacterial
compounds have also been covalently anchored to MSNs surface, mostly

antimicrobial peptides.’®111.112

Even though antibiotic loaded MSNs have resulted in promising nanomaterials against
bacterial infections, they also suffer from uncontrollable leakage of included antibiotics
as the pores are open to the outside media. This is one of their major limitations and
surface modification and capping strategies has been investigated to prevent it.6%.113
Capping of loaded MSNs allows to better control the release of the antibiotic and
prevent its leakage. Furthermore, with the right design of the capping stimuli
responsive MSNs have been reported. antibiotic loaded MSNs responsive to light,
redox reactions,"'*115 temperature,''® pH,"""-122 ultrasound'?*>-'%¢ or enzymes'?"1%7
have been developed by choosing the right surface coating. Similarly, coating of MSNs
with lipidic shells'07128.129 or cationic polymers'?2130.131 has proven to increase
nanoparticle internalization into bacterial cells while controlling the leakage of loaded

antibiotic.
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1.2.1.3. Organosilica and polysilesquioxane nanoparticles
Beyond SiO2 with frameworks purely composed by silicon and oxygen atoms, the
chemical versatility of the Stober synthesis has allowed the development of silica
nanoparticles with high organic content incorporated within the framework. These new
nanoparticles are obtained by simple addition of organosilane precursors (Figure 1.9A-
B) to the previously explained synthesis, or by fully substituting TEOS with an
organosilica precursor.58132 Organosilane precursor may contain one silane group,
which would lead to SiO2 framework with organic pendant groups (Figure 1.9A and
1.9C); or with two or more silane functionalizations, resulting in amorphous
frameworks where the organic moieties are part of the framework itself, bridging silicon
atoms (Figure 1.9B and 1.9D). The first class of nanoparticles are known as
Organically modified silica (Ormosil) and the second class are classified as
polysilesquioxane (PSQ) nanoparticles. Similarly, if these frameworks are templated
to achieve porosity, Mesoporous Organosilica Nanoparticles (MONs) or Periodic
Mesoporous Organosilica (PMOs) namely particles can be obtained, respectively

(Figure 1.9D).58.133
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Figure 1.9. (A, B) Chemical structure of most commonly reported precursors (-OR =
alkoxy group) and synthesis and illustrative scheme of the framework composition of
(C) organosilica modified nanoparticles (Ormosil), (E) polysilesquioxane
nanoparticles (PSQ) and (E) mesoporous organosilica nanoparticles (MONs) and
periodic mesoporous organosilica (PMOs) nanoparticles.

Due to their high organic content and chemical versatility, these nanoparticles have
attracted the attention of the scientific community. Their use has been explored for
many applications including sensing,’** pollutant removal,’*®> membrane
development,'3® catalysis'3” or precursor for carbon-based materials.'38 Their use as

DDS in the literature is very limited, focusing more in the aforementioned applications.

The presence of organic moieties is, however, very attractive for the development of
DDS as interaction between framework and included drug can be tuned by modifying
the organosilica precursor.86.139.140 Fyrthermore, upon direct comparison with the well-
known SiO., introducing bulky organic groups within the nanoparticle’s framework can
also increase the porosity of the framework, 3641 and thereby, enhance the diffusion

of included cargos, leading to higher release efficiency.
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Most studied cargos have been anticancer compounds such us doxorubicin,’42143
metformin’# and paclitaxel.’#>14¢ However, to our knowledge Ormosil or PSQ
nanoparticles have not been explored for antibiotic delivery. MONs and PMOs
nanoparticles have been increasingly explored as antibiotic DDS due to their porous
structure, which lead to uncontrolled burst release of the cargo, as explained for
MSNSs. Antibiotic such us ciprofloxacin,' rifampicin'#® and gentamycin'#® have been

adsorbed into the porous structure of these nanoparticles.

Another advantage of PSQ and PMOs nanoparticles relies on the reactivity of the
organic bridges within the framework. Stimuli responsive nanostructures have been
reported.’42144.150.151 Eqr jnstance, H. Mekaru et al. reported a PSQ nanoparticle with
disulphide bridges within the framework that in presence of glutathione (GHS) the
disulphide bridged are reduced, the framework degraded and thereby, included cargo

(dye) release.'?

1.2.1.4. Hybrid silica nanoparticles for therapy and imaging
As previously mentioned, silica nanoparticles have been widely explored as drug
delivery system due to their ability to encapsulate a therapeutic agent for later targeted
delivery. However, other molecules with properties useful for sensing and diagnostics
have also been included within the siliceous framework of silica nanoparticles.
Luminescent agents, such as, organic fluorophores, transition metals complexes or
lanthanide complexes, are a clear example of this. Encapsulation of luminescent
molecules lead to silica nanoparticles with emissive properties, with ability to be

imaged by commonly used confocal microscopes. In this way, tracking of particles in
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living systems by Iluminescence-based microscopy techniques has aided

understanding of the interactions of nanoparticles with cells and tissues.

A) ‘ B) —’ Q)

Silyl-modified
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Sio, Sio, ) )
formation formation Silyl-modified
fluorophore

Figure 1.10. Scheme of emissive SiO2 formation by (A) fluorophore inclusion during
particle formation and graphing of silyl-derivative fluorophores in nanoparticles (B)
framework and (C) surface.

Similarly, as when silica nanoparticles are employed as drug delivery systems,
luminescent agents can be directly included into the silica framework via silica
formation in presence of the agent, or by adsorption of desired imaging agent into the
pore of porous silica nanoparticles (Figure 1.10). Nevertheless, the release of the
imaging agent is avoided due to their toxicity and to prevent staining of cells and
tissues by released agents, which could interfere with nanoparticle’s imaging.'3-1% In
fact, covalent anchoring of the imaging agent to the frameworks is one of the most
common approaches. In this way, organic fluorophores such as fluorescein®15-1%9 or
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rhodamine B'® (Figure 1.11)have been anchored to the framework, in porous and
non-porous silica particles. Likewise, ruthenium(I1)'6%-164 or iridium(lll)'65>-168
complexes (Figure 1.11) have been chemically designed to contain at least one ligand
that can be anchored to the silica surface or framework. Finally, in case of silica
nanoparticles with embedded lanthanide complexes, the most followed strategy has
been to decorate the pore walls of MSNs with a chelating ligand for the subsequent
complexation of the lanthanide cation, in presence or not of an ancillary ligand.6%-173
Furthermore, nonporous silica nanoparticles with included positively charged imaging
agents have shown minimal leakage of the included agent due to the electrostatic

interactions with the negatively charged siliceous framework.74-178
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Figure 1.11. Chemical structure of most commonly explored fluorophores for
development of emissive SiOz2 for cell imaging.
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Even though described emissive nanoparticles have been previously reported to study
nanoparticle-cell interactions as analogue particles to those containing the therapeutic
agent; the use of hybrid silica nanoparticles containing simultaneously an imaging and
a therapeutic agent is less common in the literature. The advantage of a hybrid
nanoparticle over a single-loaded emissive nanoparticle is that the use of these single
loaded emissive nanoparticles assumes that emissive particles and particles
containing the therapeutic agents would have the same behaviour, interaction and

even uptake.

Reported hybrid nanoparticles for therapy and imaging have been mainly designed
using an organic fluorophore as imaging agent for the delivery of anticancer drugs. To
our knowledge, the only example of silica nanoparticle for antibiotic delivery also
containing an imaging agent was reported by G. F. Andrade et al.®, where they
conjugated a Tc-99m complex to the surface of ciprofloxacin loaded SBA-16 MSNSs,
allowing radio imaging in bones during antibiotic release. Addition of antibiotic to
fluorescent silica nanoparticles have been, however, previously explored but for

detection purposes.®2:179180

1.2.2. Other nanoparticles for antibiotic delivery
Beside silica-based nanoparticles, other nanoparticles, inorganic and organic have
been studied for the delivery of antibiotics. In this section we would like to give insight

in their use as DDS, their advantages but also their limitations.

1.2.2.1. Organic nanoparticles
Organic nanoparticles can be subclassified in lipid-based and polymer-based

nanoparticles. Lipid-based nanoparticles, such as, lipidic micelles, vesicles or
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emulsion formulations were the first studied nanoparticle for the delivery of bioactive
compounds due to their high biocompatibility.'®'182 Antibiotic such as B-lactams'83,
glycopeptides,'® and ansamycins'8 have been included in lipid-based nanoparticles.
Furthermore, their composition and rheology properties can be easily modulated by
altering the proportion of the lipid used. Surface functionalization of these nanoparticle
also differs from the SiO2 surface chemistry, as functionalization is achieved through
introduction of amphiphile groups with determined functionality rather than through
direct chemical modification of existing surface.'® Nevertheless, these nanoparticles
are only stable in solution and are very susceptible in pH and temperature changes,

resulting in a limitation for their production and distribution.'®’

Polymer-based nanoparticles have been also extensively explored.'82.187.188 pglymer-
based nanoparticles include polymeric micelles, dendrimers, and polymer
nanoparticles. The biggest advantage of polymer-based materials is their easy and
diverse chemical versatility.'®” Polymer-based nanoparticles’ properties can be tuned
relatively easily by chemically modifying the monomer of interest or combining different
monomer as in case of copolymeric nanoparticles. This chemical versatility also allows
conjugation of antibiotics to the polymer chain via a pH- '8, light-19.191 or enzyme-
responsible’® bond for their triggered release, rather than direct encapsulation of
antibiotics inside the nanoparticles. Encapsulation of hydrophobic molecules can be
also easily achieved in hydrophobic-core polymer nanoparticles or using amphiphile
polymeric structures.’®? Nevertheless, polymer-based nanoparticles also present
some limitations mostly associated with their scale-up processes and unknown
toxicity. 193194 In fact, while degradation of other nanoparticles is a well-known process,

and their toxicity has been explored.’®31% The large variety of developed polymer-
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based nanoparticles has hindered the study of their degradation processes and the

toxicity related to them.

1.2.2.2. Inorganic nanoparticles
The use of inorganic nanoparticles in the delivery of antibiotic is less extensive in the
literature compared with SiO2 or organic particles due to their bulk, nonporous
structure, in most of the cases. Nevertheless, advances in their application as

antibiotic DDS have been achieved.'96-1%8

Metal nanoparticles, such as gold or silver nanoparticles (AuNPs and AgNPs,
respectively) have been reported for the delivery of antibiotics.’®®-2°" Due to their
dense face cantered cubic (fcc) packing, antibiotics have been conjugated onto
nanoparticle surface through bottom-up and top-down approaches yielding in metal
nanoparticles coated with antibiotic containing ligands or polymers.292-204 Similarly,
direct conjugation through electrostatic or Au---N or Au---S bonding between amino or
thiol-containing antibiotics such as p-lactams has been reported.2%526 Another more
one-step approach is the use of an antibiotic as capping and reducing agent, as it is
the case of bromelain (antibacterial proteolytic enzyme).?°” On the contrary, this one-
step reaction also requires for the oxidised product to be fully removed from the
formulation. Metal nanoparticles such as CuNPs or ZnNPs present synergistic activity
when loaded with antibiotic due to the slow release of metallic cations, that can
produce reactive oxygen species (ROS).2%8-210 The changes on the optical properties
of metal nanoparticles, such as the surface plasmon resonance (SPR), have also been

employed to confirm the loading of antibitoic.?'"

Unfortunately, most of metal nanoparticles also display high production cost in scale-

up processes, their translation to the clinic has been hindered.?'?
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Similar to metal nanoparticles, metal oxide nanoparticles, such as Fe304, ZnO or TiO2
have been reviewed in the literature as antibiotic DDS.2"® Antibiotics have also been
conjugated to the surface of these nanoparticles through electrostatic or covalent
interactions.?'4-216 The main advantage of these nanoparticles is their chemical and
physical properties. For instance, the magnetic properties of Fe304 have been widely
employed for the development of magnetic DDS that allow an easy recovery of
nanoparticles. Magnetic resonance imaging has also been used with antibiotic-Fe304
nanoparticles for their imaging in cells and tissues.?'”?'® Furthermore, magnetic
hyperthermia has been employed alongside antibiotic delivery for more efficient
antibacterial treatments.?'® Synergy between delivered antibiotic and ROS production
has been also another advantage of using metal oxide nanoparticles like CeO- for

antibiotic delivery upon UV irradiation.208:220

Even though metal oxide nanoparticles’ structure is a dense packing, porous metal
oxide nanoparticles can also be produced with a templating agent.??' Porous TiO2
nanoparticles (MTNs) is one of the most well described systems. Antibiotic has been
included in MTNs and similar strategies used in MSNs applied for their targeted

delivery.?22:223

1.3.Research aims
There is a need for new antibacterial therapies that are able to overcome the AMR
mechanisms that bacteria have against current antibiotics. In this context
nanoparticles present a very promising platform for the development of DDS able to

tackle resistant infections.
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The efficacy of nanoparticles as DDSs depends on their ability to interact with bacterial

cells and on their release efficiency. Therefore, the overall aim of this thesis is to

explore new surface and framework modifications in SiO2 nanoparticles for more

efficient delivery of antibiotics. To achieve this, different approaches have been

explored:

SiO2 nanoparticles containing a cell non-permeable antibiotic were modified
with a cell permeating agent to accomplish efficient antibiotic delivery inside the
bacterial cell, and thereby, making this antibiotic active. Moreover,
nanoparticles were developed to simultaneously bear a luminescent metal
complex alongside the antibiotic, allowing nanoparticle tracking while drug
release occurred.

Modification of SiO2 nanoparticles was further explored by cation chelation in
previously developed coating, leading to a cell-recognisable surface coating.
Interactions between bacterial cells and novel nanoparticles were investigated
and the involved cell surface receptors identified for the enhancement of SiO:
internalization in cells. Furthermore, a molecular analogue was designed and
synthetized to evaluate if nanoparticles followed the same mechanism of
internalization than their molecular analogue.

Photoresponsive SiO2 nanoparticles were designed by framework modification
with a photoswichable precursor for the light triggered release of a first line
antibiotic against urinary tract infections. The effect of the antibiotic within the
framework was investigated alongside its light triggered release. Furthermore,
the activity of novel nanoparticle was evaluated against clinal isolates.

Finally, different strategies based on framework modification were studied to

enhance the inclusion of hydrophobic antibiotics in SiO2 nanoparticles.
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Inclusion was enhanced by entrapment within antimicrobial micelles prior
nanoparticle encapsulation and by using an organically-bridged precursor. The
antibiotic release performance was explored and compared with more common

SiO2 nanoparticles and encapsulation approaches.
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2. CHELATING SILICA

NANOPARTICLES FOR THE

EFFICIENT ANTIBIOTIC DELIVERY

AND PARTICLE TRACKING IN GRAM-

NEGATIVE BACTERIA

2.1.Introduction

2.1.1. Outer membrane impermeability to antibiotics
The vast majority of currently employed and newly designed antibacterial agents target
bacterial cell processes via binding to targeted structures located in the cell
cytoplasm.'* Herein, the antibacterial agent must cross the outer bacterial membrane
to reach its target. This process is relatively simple in case of Gram-positive bacterial
cells due to their simple cell wall structure, mainly composed by lipids and
peptidoglycans. However, Gram-negative bacterial cells possess a double, more rigid,
cell membrane (Figure 2.1B). This membrane is organised in an outer and inner
membrane, bearing a compartment, the periplasm, between them. Some antibiotics
are able to access the bacterial cytoplasm through pore-forming p-barrel-shaped
membrane proteins named porins, such us, B-lactams or fluoroquinolones.>® Other
molecules, like macrolides, are able to diffuse across the lipid bilayer.”-® Unfortunately,

the rigidity of the outer cell membrane prevents the crossing of hydrophobic and high
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molecular weight antibacterial agents, such us, vancomycin. Vancomycin is a highly
active cell wall-synthesis inhibitor against Gram-positive bacteria, but non-active
against Gram-negative species. For these reasons, outer membrane impermeability

to antibiotics is one of the major intrinsic antibacterial resistant mechanisms."8°

Gram-negative bacteria outer cell membrane is an asymmetric bilayer composed by
lipopolysaccharides in the outer leaflet and by phospholipids in the inner leaflet. The
integrity of the outer membrane, relies, in fact, in the lipopolysaccharides.
Lipopolysaccharides are composed by a hydrophobic fatty acid chain linked to lipid A
(a glucosamine saccharide phosphorylated at the 1 and 4’ positions and acetylated at
the 2, 2’, 3 and 3’ position), a core of oligosaccharides and the O-antigen (an
immunogenic oligosaccharide with remarkable variability across bacterial species).
Furthermore, lipid A contains negatively charged phosphate groups that strongly
interacts with divalent cations (Ca?* and Mg?*) through electrostatic interactions
(Figure 2.1.A).7%"2 Such cations are structurally essential components of the outer
membrane as they compensate the overall negative charge of the outer membrane,
allowing high packing of lipopolysaccharides.® However, these cations, are
simultaneously, a very common target for antibacterial therapies as their removal
would lead to destabilization of the outer membrane and thereby, to an increase in
permeability.®".13 Consequently, allowing the internalization of molecules that would

not be able to cross the undamaged outer membrane.
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Figure 2.1. Simplified scheme of the (A) Gram-positive and (B) Gram-negative
bacterial cell membrane structure reproduced from T. Lithgow et al.’* and (C) scheme
of the basic structure of lipopolysaccharide’s lipid A structure (in blue) bearing
phosphate groups (in red) interacting with divalent cations (pink spheres).

2.1.2. Outer membrane destabilisers
New antibacterial therapies targeting the Gram-negative bacterial cell outer
membrane have attracted attention from the scientific community as it represents the
first barrier for antibiotics that cannot reach the target structure in the Gram-negative
bacterial cytoplasm. Destabilization of outer membrane barrier could facilitate the entry
of Gram-positive active antibiotic into Gram-negative pathogens, expanding the

pipeline against this bacterial species.’

Destabilization of outer membrane has been previously explored through different
approaches including, inhibition of lipopolysaccharide biosynthesis, targeting

lipopolysaccharide transport to the outer membrane and physical disruption of the
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already formed outer membrane.'® Physical disruption of the outer membrane can
happen by insertion of foreign molecules within the lipid bilayer, creating artificial pores

or by removal of structurally essential components.’

2.1.1.2. Antimicrobial peptides
Antimicrobial peptides (AMP) comprise a large variety of peptides with antimicrobial
activity. Their mechanism of action mainly relies on their ability to disrupt the outer
membrane through difference processes; from pore-formation in the outer membrane,
to divalent cations displacements. Cathelicin (LL-37) human peptide is one of the most
studied AMPs. LL-37 is a 37 amino acid containing cationic peptide which mechanism
of actions involves the electrostatic interaction with the negatively charge
lipopolysaccharides, intercalating in the outer membrane, when LL-37 reaches optimal
concentration, LL-37 peptide can rearrange forming p-barrel pores, enhancing the
permeability of the membrane (Figure 2.2)."” Nevertheless, LL-37 has several
limitations including low activity in physiological conditions, high cytotoxicity in human

cells and high production cost.'®
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Figure 2.2. (A) Structure of LL-37 AMP and (B) scheme of the antimicrobial
mechanism of LL-37 AMPs, which exemplifies the general mechanism of AMPs.
Figures reproduced from E. Sancho-Vaello et al.’”-1®

Polymyxins, also, are a very well-known AMP family. Polymyxins are positively
charged low molecular weight peptides (< 1000 Da) that permeabilize the outer
membrane via competitive bidding with lipopolysaccharides, displacing the native Ca?*
and Mg?* cations and, thereby, decompensating the overall charge of the
membrane.?>2! Moreover, the fatty acid chain of polymyxin assists on its solubilisation
in the hydrophobic region of the membrane. Furthermore, it has been previously
reported that the combined administration of polymyxin B with low penetration abilities
antibiotics has enhanced the activity of the antibiotics, indicating that membrane
destabilization by polymyxin B also facilitates the entry of antibiotics to the cytoplasm,
where they reach their targets.?? Another widely used polymyxin is polymyxin E, also
known as colistin. The bactericidal action of colistin is also based on the displacement
of the divalent cations present on the outer membrane. Unfortunately, the use of
polymyxin has been restricted due to their nephrotoxic effect, as is has been identified

that prolonged exposure to polymyxins can potentially lead to kidney deterioration.??
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21.1.3. Polymers
Similarly to AMPs, cationic polymers are able to associate with lipopolysaccharides
and competitively interaction with the lipid A, displacing the cationic ions, and thereby,
destabilizing the outer membrane.?® Moreover, insertion of ampicillin polymers into the
lipid bilayer also lead to increase membrane permeability through pore forming, similar

to well-known surfactants.

Cationic polymers were the first studied antimicrobial polymers.?* Their activity relies
on electrostatic interaction between the overall negatively charged membrane
polymers. Nevertheless, these interactions also take place in mammalian cells,
leading to higher cytotoxicity. Further modification of chemical composition of cationic
polymers lead to quaternary ammonium polymers, which increased biocompatibility
and electivity against bacterial cells over mammalian cells, even in derivative
materials.?® Cationic polymers based on amino acid, like e-poly-L-lysine, display a
higher biocompatibility, while their antibacterial activity is more modest that other

polymers.2¢

Poly(ethylene imine) (PEI) is another widely explored cationic polymer with promising
antibacterial properties. Whereas previous polymers had a linear structure, PEI
polymers have presented a linear or branched structure. Even PEI polymers display
selectivity to bacterial over mammalian cells their activity against Gram-negative

bacteria is still not comparable to more toxic cationic polymers.?’

Finally, antibiotic-polymer conjugates are also cindered antimicrobial polymers.
Nevertheless their activity relies on the antibiotic conjugated to the polymer backbone,
which served a carrier for the active molecule and their mechanism of action does not

usually relies on membrane disruption.?8-30
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21.1.4. Chelators
As previously mentioned, removal of divalent metal cations Ca?* and Mg?* leads to
membrane destabilization, and, hence, increased permeability.'%-'?> Small polydentate
molecules able to tightly bind metal cations are known as chelators. The affinity of
metal chelators to different metals depend on the number of binding moieties
(carboxylate, amine, hydroxyl, hydroxamate, etc) and their affinity for soft or hard
metals cations.®' Chelators, such us, ethylenediaminetetraacetic acid (EDTA) or
diethylenetriaminepentaacetic acid (DTPA) are some of the most employed and
studied metal chelators (Figure 2.3). Even if metal chelators are also able to bind to
other metals present in the bacterial growth media, such as, Fe3*, Mn?* or Zn?*; G. J.
Sharples and co-workers concluded that the main antibacterial mechanism of
polyaminocaboxylate metal cations relies of the destabilization of outer membrane
after Ca®* and Mg?* sequestering. Even though sequestering of the other cations was
also observed, the reduction of free cation species was not significant in order to be

translated into bacterial cell growth inhibition.3
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Figure 2.3. Chemical structure of (A) EDTA and (B) DTPA.
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Due to their ability to sequester metal cations, antimicrobial therapies based on
chelators have been previously explored. The main example in literature is the case
of EDTA.3? Interactions between EDTA and divalent cations have led to destabilization
of the outer membrane of a wide range of Gram-negative bacterial species, such us,
E. coli, S. enterica, K. pneumoniae or S. thyphimurium.333* Similarly, DTPA, has
shown higher antibacterial activity against several gram-negative bacterial species as
it contains more chelating groups that its analogue EDTA.3! Nevertheless, other metal
chelators, like, meso-2,3-dimercaptosuccinic acid3®, bis-(2-ethylhexyl)sulfosuccinate3®
or nitrilotriacetic acid®” (simpler version than EDTA) have shown membrane
destabilization abilities. Combinational therapies with chelating agents and antibiotics
have also been reported as potential strategy to enhance activity of antibiotic with

reduce cell penetration abilities.3*

2.1.2. Silica nanoparticles with membrane permeabilization
functionalization

Silica nanoparticles with no further surface modification are not able to be internalised

in Gram-negative bacteria due to outer membrane rigidity. Hence, and due to the

promising results of membrane permeabilization agents in the enhancement of

antibiotics activity, surface functionalization with membrane permeabilizers has been

explored as a promising strategy to overcome this impermeability and allow delivery

of antibiotic inside Gram-negative bacterial cells.

Conjugation of AMP onto silica nanoparticle surface has been widely explored.
Surface modification is, in the majority of examples, based on electrostatic interaction

between he negatively charged nanoparticle surface and the positively charged
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peptides. AMP such as LL-373%3% Deferin 5% and Polymyxin B*' have been
electrostatically deposited on the surface on silica nanoparticles. However, due to the
weak interactions between AMP and nanoparticles, AMP leakage has been reported
as one of the main disadvantages. For instance, Gounani et al.*' reported the
development of MSNs loaded with vancomycin and with the AMP polymyxin adsorbed
on the surface. The resulted DDS showed enhanced activity compared with particles
only with vancomycin or the AMP. However, and due to the release of AMP authors
could not conclude if the observed activity was due to the enhanced uptake of particles
due to the AMP coating or due to the synergistic activity of the AMP along with
vancomycin. AMP leakage could be prevented by covalent grafting of the peptide onto
the silica surface. Unfortunately, due to the complexity of peptide structure and the
importance of its structure to remain active, grafting of proteins on silica nanoparticles

surface is a very complex process.

Grafting of cationic polymers, on the other hand, is an easier process as they do not
have a defined structure that needs to be preserved and they can be conjugated to
nanoparticles surface via grafting-from (polymerization of monomer from an already
conjugated activator) or grafting-to (covalent attachment of already synthetized
polymer).2>42 Moreover, polymer surface functionalization has also been achieved by
electrostatic interaction between negative surface groups and positively charged
polymers.43-45 Other polymers, such as, PEl have been widely conjugated onto the
surface of MSNs to enhance cell penetration but also to cap nanoparticle’s pores,
avoiding burst release.**4° Antibiotics like tetracycline*d, levofloxacin*® or
ciprofloxacin*® have been delivered using theses nanoparticles. Enthought the
advanced in development of biocompatible polymer coatings, the majority of examples

also displays moderate to low biocompatibility.
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Interestingly, the only example of silica nanoparticles with surface aminocarboxylates
for antibiotic delivery was reported by P. Amords and co-workers.*344 They took
advantage of the electrostatic interaction between the surface negatively charged n-
[(3-trimethoxysilyl)propyllethylendiamine triacetic acid and the positively charged e-
poly-L-lysine polymer to cap antibiotic loaded MSNs (Figure 2.4). The resulting
increased activity of nanoparticles was associated with the permeabilization effect of
the cationic polymer, and not with the chelating abilities of the surface
aminocarboxylate. Nevertheless, the use of aminocarboxylate coating, such as EDTA,
DTPA for extended chelators have been widely explored for metal removal®®->3 or
formation of metal complexes for lanthanide-based luminescent®*—°¢, gadolinium-
mediated magnetic resonance imaging®®-®' or technecium-99m (Tc-99m)-mediated

radio imaging™.

Bacterium

Figure 2.4. Surface functionalization of nanoparticles developed by P. Amorés and
co-workers based on electrostatic interactions between surface anchored
aminocarboxylates and e-poly-L-lysine polymer.4344
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2.1.3. Chapter outline
The design, synthesis, antibacterial activity and bacterial cell penetration abilities of
aminocarboxylate-coated hybrid nonporous silica nanoparticles (DTPA@SiO2oRu-
Van) is reported as a new approach for the development of silica-based antibiotic
delivery systems into Gram-negative bacterial cells. The theragnostic design of the
nanoparticle, due to the simultaneous presence of the luminescent complex
Ru(phen)s;Cl2 (Ru, where phen = 1,10-phenantroline), and an antibiotic, can be
employed for imaging purposes and, hence, tracking of the nanoparticles within the
bacterial cell while the included antibiotic is being released (Figure 2.5). The
developed coating also allows the penetration of nanoparticles in Gram-negative
bacterial cells and the delivery of the antibiotic Vancomycin (Van), that in its free form,
it is not able to cross the double cell membrane, being non-active. Hereby, the
presented nanoparticle contributes toward the development of more efficient delivery

systems for the use of antibiotics that are not active due cell impermeability.

Figure2.5. Schematic representation of developed DTPA@SiO2oRu-Van and
internalization of coated nanoparticles and antibiotic release inside Gram-negative
bacterial cells.
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The work presented in this chapter resulted in the following publication: A. R.
Muguruza, A. di Maio, N. J. Hodges, J. M. A. Blair, Z. Pikramenou. Nanoscale Adv.,

2023, 5, 2453-2461.52

2.2.Results and Discussion
2.2.1. Synthesis of DTPA@SiO2oRu-Van

2.21.1. Synthesis of hybrid SiO2>Ru-Van
To develop hybrid nonporous silica nanoparticles, a previously reported procedure
based on the Stober synthesis was followed,®® where the silica nanoparticles was
formed in presence of Ru and Van was followed in order to yield SiO2>Ru-Van (Figure
2.6). Following similar methodology, control particles with just one cargo (SiO2oRu
and SiO2oVan) and with no included cargo (SiO2) were prepared. Inclusion of Ru in
the silica frameworks is driven by the electrostatic interaction between the positively
charged metal complex and the negatively charged hydroxyl groups of the
framework.%46° Inclusion of Van, however, it is presumably achieved via hydrogen
bonding between the antibiotic and the framework. The ability of Van to stablish
hydrogen bonds is well-reported as its interaction with the target moieties (D-Ala-D-

Ala terminated peptidoglycans) is based on interactions of this nature.5®

Into an ethanolic solution of NHsOH, aqueous solutions of Ru and Van were added,
and the solution stirred for 5 min. Then, an ethanolic solution of the silica precursor
tetraethoxysilane (TEOS) was added dropwise and the reaction stirred at room
temperature for 2 h, followed by 15 min of sonication treatment (200 W, 50 Hz) before
another hour of stirring at room temperature. Formed orange suspension was then
centrifuged, and isolated nanoparticles washed with water to ensure removal of
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unreacted TEOS and non-included cargos. Finally, SiO2o>Ru-Van were dried under

vacuum.
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Figure 2.6. (A) Scheme of the formation of SiO25Ru-Van and (B) graphical illustration
of the control nanoparticles produced via the same methodology.

The synthesis of the control particles (SiO2, SiO2>Ru and SiO2>Van) was done
following the same procedure but only adding the single cargo to the synthesis media,

or in case of SiO2 the reaction was performed without addition of cargos.

2.21.2. Synthesis of DTPA-Si>
The ligand DTPA-Si2 was chosen as nanoparticle coating due to the previous reports
on the membrane disruption abilities of diethylenetriamino pentaacetic acid
(DTPA).123187 |n fact, DTPA-Si2 is a DTPA derivative that possess two triethoxysilyl

groups can be conjugated with the hydroxy groups of the silica nanoparticle surface,
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acting as coating (Figure 2.7). The synthesis of DTPA-Si> was achieved in a one-step
reaction using DTPA bis anhydride as stating material, which would lead to the desired
product via a nucleophilic ring opening by the silyl-containing reagent (3-

aminopropyltriethoxysilane, APTES) (Figure 2.8).5

Figure 2.7. Chemical structure of DTPA-Si..
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Figure 2.8. Scheme of the synthesis of DTPA-Si..

DTPA bis anhydride was dissolved in anhydrous pyridine before the slow addition of

APTES. The reaction was stirred under N2 atmosphere overnight to ensure completion
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before the precipitation of DTPA-Si2 in cold anhydrous hexane as a white solid.
Overnight refrigeration of the formed suspension ensured the full precipitation of the
product. Finally, DTPA-Si2 was isolated via filtration and copious amounts of
anhydrous hexane was used to wash the product to guarantee full removal of pyridine.
Final product was characterised by "H-NMR (Figure 2.9), '*C-NMR (Figure 2.52) mass

spectrometry (Figure 2.S3) and FT-IR (Figure 2.54).
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Figure 2.9. "H-NMR (400 Hz, ds-DMSO) spectrum of DTPA-Si.. * indicates residual
solvent (EtOH) peaks.

"H-NMR spectra in ds-DMSO (Figure 2.9) showed 11 proton environments (excluding
the 2 environments of the hydroxyl -OH groups, H1 and Hs). Synthesis of DTPA-Si2
was firstly confirmed by the presence of a triplet NMR shift at 8.08 ppm which was

assigned to the NHCO (Hs) proton of the amide bond. Triplets NMR shifts were also
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identified in the aliphatic region at 2.94 ppm and 2.81 ppm, assigned to protons Hz and
Hs. The singlet at 3.33 ppm was assigned to protons H2 and He. The loss of symmetry
from the starting materials led to the superimposition of both signals, arising into a
single peak with integration of 6 H. Moreover, the formation of amide bond and
carboxylic groups also changed the electronic properties of the molecule, being Hz, He
and H7 the most affected and, hence, shifted in respect to DTPA bis anhydride (Figure
2.S1), which also indicates the successful formation of DTPA-Si2. Finally, in the "H-
NMR spectrum, the signals associated with the silyl chains at 3.04 ppm (Hg) , 1.45
ppm (H1o), 1.14 ppm (H13) and 0.52 ppm (H11) were also observed. ESI-MS (negative
mode) also confirmed the formation of DTPA-Siz detecting a single specie with m/z of
798.3988 which was assigned to [DTPA-Si> — H]" with a calculated m/z of 798.4008.
Thereby, along with *C-NMR (Figure 2.S2) and FT-IR (Figure 2.S4), the successful

synthesis of DTPA-Si2 was confirmed.

2.21.3. Coating of SiO.oRu-Van with DTPA-Si:
Furthermore, produced nanoparticles were surface coated by a condensation reaction
between the synthesised DTPA-Si. and the hydroxyl groups present on the
nanoparticles surface. The methodology followed was previously reported for the

formation of DTPA-coated silica nanoparticles.>°

Dried nanoparticles were redispersed in anhydrous toluene to which DTPA-Si> was
added in a weight ratio of 1:2 nanoparticles:DTPA-Siz (Figure 2.10). The suspension
was heated in reflux overnight under N> atmosphere. Yielded coated hybrid
nanoparticles (DTPA@SiO2oRu-Van) were isolated by centrifugation and washed

with water to remove unreacted DTPA-Si.. Same procedure was followed for the
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control  nanoparticles leading to DTPA@SiO., DTPA@SiO.oRu and
DTPA@SiO2oVan. Followed condensation mechanism of DTPA-Si2 onto the surface
of silica nanoparticles has been previously described as thermal silanol
condensation.®® This mechanism takes place in anhydrous conditions in a non-polar
organic solvent (cyclohexane, xylene or toluene).®® In the condensation process, the
alkoxy groups of the silane coupling agent, DTPA-Si: in this case, directly condensate
with the hydroxyl groups on the nanoparticle surface, releasing the correspondent

alcohol molecule.?®
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DTPA@SIO, DTPA@SiO,oRu DTPA@SiO,oVan

Figure 2.10. (A) Scheme of the coating procedure of SiO.>Ru-Van and (B) graphical
illustration of coated control nanoparticles.
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2.2.2. Characterization of DTPA@SiO2>Ru-Van

2.2.21. Size and morphology
Produced nanoparticles were firstly analysed by Dynamic Light Scattering (DLS). DLS
employs the light scattered by a nanoparticles suspension to estimate the size
distribution of the particles, based on the Brownian motion theory.”® The DLS analysis
provided the nanoparticles sizes by intensity (how much light is scattered by the
particles in the different size bins), volume (total volume of particles in different size
bins) and number (distribution of particles in the different size bins), based on the
Stokes Einstein equation.”® Furthermore, DLS calculated the polydispersity index
(PDI) of the particle suspension, which shows the homogeneity or heterogeneity of
nanoparticles sizes in the measured sample. Same principle makes also possible to
measure the surface charge distribution of particles in solution. After applying an
electric current, the Brownian movement of particles is investigated from where the
electrophoretic mobility of particles is determined and, hence, the surface charge (C-
potential) is calculated. {-potential measurements can be used to study the colloidal
stability of the sample as, in aqueous solutions, particles with higher absolute surface
charge would display higher stability, while those with surface charge closer to 0 mv

will display lower stability, leading to aggregation and/or precipitation of particles.”’

Table 2.1. shows the DLS sizes, PDI and -potential values of hybrid nanoparticles
before (SiO22Ru-Van) and after (DTPA@SiO2oRu-Van) surface coating. Rest of
DLS characterization of control nanoparticles can be found in Figure 2.S5-S8 and
Table 2.51. In water, there is no significance difference between particle before (89 +
29 nm by intensity) and after (94 + 10 nm) surface coating, as expected as DTPA is a
small molecule that should not affect the size of the nanoparticles. Both nanoparticles
showed low PDI values which highlight the high monodispersity of the samples.
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Moreover, hydrodynamic diameter of nanoparticles was also recorded in PBS (0.1 M,
pH 7.4) in order to mimic the conditions of microbiological studies. In this case,
DTPA@SiO2oRu-Van displayed a bigger hydrodynamic size by intensity (113 + 28
nm) compared with uncoated SiO2o>Ru-Van (98 + 29 nm) but the polydispersity is not
affected, still measuring a low PDI values (0.21), which excludes formation of
aggregates in PBS. Furthermore, this result was further supported by the surface (-
potential value of particles in PBS, suggesting colloidal stability of the coated particles

(-24 5 mV).

Table 2.1. Dynamic Light Scattering (DLS) analysis (n = 5) and (-potential
measurements (n = 3) of SiO2>Ru-Van and DTPA@SiO2oRu-Van. Measurements
were performed in at 25 °C in MiliQ water and in PBS buffer (0.1 M, pH 7.4) with a
nanoparticles concentration of 0.1 mg/mL.

Hydrodynamic size / nm

C-potential /
Intensity  Volume  Number  PDI mV

Water  89:29 86+12 84:22 0.16 162
SiO,oRu-Van

PBS 98+29 82+26 67+18 0.15 186

Water  94+10 92+15 89+14 0.24 20+3
DTPA@SiO;oRu-Van

PBS 113+28 105+25 94+20  0.21 24 +5

The disagreement between hydrodynamic diameters in water and in PBS buffer (0.1
M, pH 7.4) is more prominent in case of coated nanoparticles. The presence of higher
density of carboxylate groups in case of coated nanoparticles lead to more interactions
between nanoparticles and solvent molecules,’?~"# This was further observed when
the ionic strength of the PBS suspension was increased by addition of NaCl (Figure
2.S7-S8 and Table 2.51). Upon addition of NaCl, an increase in the hydrodynamic
size of all nanoparticles was observed, with more significant increase in case of coated

nanoparticles. These results suggested that the hydrodynamic diameter of the

56
Asier Rodriguez Muguruza — December 2023



nanoparticles by DLS is subjected to the ionic strength of the dispersing medium,

explaining the discrepancy between the DLS measurement in MilliQ water and in PBS.

Successful DTPA-coating was confirmed as evidenced by the decrease of the surface
C-potential after coating (-20 £ 3 mV in water and -24 + 5 mV in PBS) compared with
uncoated particles (-16 £ 2 mV in water -18 £ 6 mV in PBS) due to the increased
number of negatively charged carboxylate groups in nanoparticle’s surface after
coating. The overall negative charge of the nanoparticles suggested that the included
cargos are within the silica framework, as if they were located on the surface higher

values would have been recorded due to the cationic nature of Ru.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
were employed to investigate the morphology and size distribution of developed
nanoparticles. The SEM and TEM micrographs (Figure 2.11) of SiO2>Ru-Van and
DTPA@SiO2.oRu-Van confirmed the highly monodisperse nature of nanoparticles
with predominant spherical morphology. No significant difference between particles
before and after coating was observed, neither in the morphology or the surface
texture. Nanoparticles, however, did not show a smooth surface, which has been
previously associated with the short synthetic methodology followed for their
synthesis.”> Moreover, independent particle measurements in TEM micrographs (n =
20) led to an estimated size of 85 £ 3 nm for SiO2>Ru-Van and 87 £ 3 nm for
DTPA@SiO2oRu-Van. TEM analysis resulted in a smaller particle size distribution
than previous DLS analysis, which is expected, and previously reported. DLS
measurement take into account the solvation layer of the particles in suspension, and
this is not reflected in electron microscopy images.’® The rest of control nanoparticles
showed similar size distributions between 50 and 90 nm, as can be found in Figure

2.510-S12.
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Figure 2.11. (A, D) Scanning Electron Microscopy (SEM) and (B, E) Transmission
Electron microscopy (TEM) micrographs of (A-C) SiO2oRu-Van and (D-F)
DTPA@SiO2oRu-Van. (C and F) Size disruptions were calculated based on 20
independent nanoparticles from TEM images by Imaged software. SEM images were
recorded with a 50k x magnification and a 20.0 eV electron beam and TEM images
with a 250k x magnification.

2.2.2.2. Composition analysis of DTPA@SiO2>Ru-Van
Further analysis of DTPA@SiO2oRu-Van was carried out in order to confirm the
presence of the cargos and the DTPA-coating. This section contains the composition
characterization of DTPA@SiO2oRu-Van. Full characterization of control
nanoparticles can be found in Appendix section XX. Firstly, FT-IR and Raman
spectroscopy were employed in order to explore the composition of DTPA@SiO2>Ru-
Van. FT-IR spectra of coated nanoparticles (Figure 2.12C-D) was dominated by the
Si-O-Si and Si-OH stretches at 1050 cm™, 950 cm” and 795 cm™ and the
characteristics stretched of the cargos were too weak to be able to be identified.
Nevertheless, characteristics IR stretched of DTPA could be observed in all coated
nanoparticles. IR stretches attributed to C-H and N-H bonds as well as to the carbonyl

(C=0) bond were observed, confirming the presence of DTPA in coated nanoparticles.
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In addition, raman spectroscopy was employed to confirm the presence of included
cargos. raman spectroscopy was chosen as suitable technique due to its higher
sensitivity and the possibility of using a 633 nm red laser to avoid scattering from the
silica framework, and hence, be able to observe the Raman shifts of the cargos. As
shown in Figure 2.12B, Raman shifts attributed to Ru and Van were identified in
SiO2oRu-Van. In this case, SiO22Ru-Van was analysed by Raman spectroscopy
instead of DTPA@SiO22Ru-Van to avoid any misleading Raman shift from the

coating that could be understood as a Raman shift from one of the cargos.

Similarly, solid-state UV/Vis spectroscopy of SiO2oRu-Van (Figure 2.5S15A) showed
a broad band centred at 425 nm, characteristic of the singlet metal to ligand charge
transfer electronic transition ("MLCT) of included Ru, as well another band with
maximum absorption at 261 nm attributed to the n—=n* intramolecular transition of 1,10-
phenatroline ligands of Ru. The last band also showed a shoulder at 281 nm that was

assigned to Van.
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Figure 2.12. Initial composition analysis of DTPA@SiO2>Ru-Van was carried out by
(A) solid-state UV/Vis, (B) Raman (Lexc = 633 nm) and (C) FT-IR spectroscopy. (D)
shows the enlarged range where C-H stretching are present in the FT-IR spectra.
Inclusion of cargos was confirmed by UV/Vis and Raman spectroscopy and the
successful coating by FT-IR spectroscopy.

2.2.2.3. Photophysical properties of DTPA@SiO.>Ru-Van
Because the application of developed nanoparticles includes imaging in bacterial cells,
the photophysical properties of the nanoparticle were explored. All results shown

below were recorded in solid-state.
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Upon excitation at 450 nm ("MLCT maxima), SiO.oRu-Van and DTPA@SiO2oRu-
Van displayed a broad red luminescence peak, characteristic of the triplet MLCT
(®MLCT) transition (Figure 2.13A). The recorded spectrum of SiO2>Ru-Van showed
an emission maximum at 613 nm (Figure 2.13A), in good agreement with recorded
emission of SiO2oRu (Figure 2.516), which displayed an emission maximum at 612
nm; indicating that the presence of Van did not influence the emission of Ru. Also,
both emissions showed a small red shift respect to the solid-state emission of Ru
complex upon excitation at 450 nm (Amax = 595 nm). This phenomenon has been
previously described in the literature, being assigned to the change in the environment
of the Ru complex, once it is included in the silica framework, which also confirmed
the successful inclusion of Ru.5485%77 Furthermore, a small increase in the Ru-based
luminescence lifetime was observed in the presence of Van. Interestingly SiO2oRu-
Van and SiO2>Ru showed a longer luminescence lifetime comparing with the Ru
complex. The protection of Ru inside the framework from luminescence quenchers
such as oxygen has been attributed as the main reason for lifetime lengthening, as

also reported in the literature.®4°78

Furthermore, upon coating, DTPA@SiO2>Ru-Van displayed an emission band with
maximum at 595 nm, 17 nm blue-shifted compared with uncoated nanoparticles. This
is further observed for DTPA@SiO22oRu, which showed a 19 nm blue-shifted emission
upon excitation at 450 nm in comparison with SiO22Ru. Interestingly, upon coating,
the Ru-based luminescence lifetime of resulting nanoparticles increased from 1.69 us
for SiO2oRu-Van to 2.52 us for DTPA@SiO2oRu-Van (Figure 2.13B) and from 1.45
us for SiO2oRu to 3.31 ps for DTPA@SiO22Ru (Figure 2.516B). The further
protection from oxygen quenchers due to the presence of the coating may be the

cause of the lifetime lengthening.
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Figure 2.13. Solid-state photophysical study of SiO.o>Van and DTPA@SiO2>Van.
(A) Emission of Van (Aexc = 270 nm) and Ru (Aexc = 450 nm) and (B) Ru’s luminescence
lifetime decay (Aexc = 455 nm, Aem = 600 nm).

Equally, the presence of Van was confirmed by observing its characteristic
fluorescence signal at 330 nm upon excitation at 270 nm (Figure 2.13A), which
suffered a 3 nm blue shift upon coating for DTPA@SiO2>Ru-Van and a 5 nm blue-
shift for DTPA@SiO2oVan (Figure 2.517). The dual emission properties of designed
nanoparticles confirmed the presence of both cargos, and the attractive long-lifetime

red-luminescence of included Ru made them ideal for imaging purposes.

2.2.2.4. Quantification of included cargos in DTPA@SiO2oRu-Van
After confirmation of inclusion of Ru and Van in DTPA@SiO2>Ru-Van, quantification
of the cargos was calculated by Thermogravimetric Analysis (TGA) and optical

spectroscopy.
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TGA relies on the monitoring of the weight loss of a sample upon heating in a
controlled atmosphere. From the thermal degradation it is possible to quantify the
weight percentage of, in this case, organic content. Quantification of cargos was
calculated by comparing the thermal degradation profiles of nanoparticles without
cargo inclusion (SiO2) and those particles with one of both cargos. Thermal
degradation profile of SiO2 only showed one thermal degradation step at 150 °C
attributed to the elimination of adsorbed water molecules, as previously described
(Figure 2.14A).7° SiO2.oRu-Van also showed the degradation step at 150 °C, but it
showed a further weight loss between 200 °C and 900 °C, which was associated with
the included cargos, the cumulative cargo amount was calculated to be 58 pg/mgnes.
The small content of Ru and the broad thermal degradation profile of Van made
impossible to differentiate between both cargos, hence, determining the cumulative
mass that was association to Ru+Van. Similarly, SiO2D5Ru showed a weight loss of

0.3% (7 ngru/mgnes) and SiO2oVan of 8.9 % (89 ugvan/mgnes).
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Figure 2.14. Quantification of (A) included cargo in SiO2>Ru-Van and (B) DTPA
quantification for DTPA@SiO2oRu-Van by Thermogravimetric Analysis (TGA).
Samples were heated from 30 °C to 900 °C at 1 °C /min rate with a 10 min isothermal

step at 100 °C to ensure water removal. All degradation curves are set at 100 % for
clarity.
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In order to obtain more specific quantification for each included cargo separately,
UV/Vis spectroscopy was used. The remaining Van and Ru in the synthesis solution
and washing was quantified using the absorptivity value at 271 nm for Van (¢ =
6200 M-") and the absorptivity at the '"MLCT band of Ru (¢(450 nm) = 16000 M-).
Concentration of remaining Ru and Van was then calculated and it was estimated, for
SiO2oRu-Van, 5 npgru/mgnes and 54 pgvan/mgnes, in good agreement with the
estimated overall agent content by TGA. The cargo content of SiO22Ru was estimated

to be 25 pgru/mgnes and 92 pgvan/mgnps for SiO2oVan (Figure 2.520).

2.2.2.5. Quantification of DTPA coating in DTPA@SiO2oRu-Van
For coating quantification, luminescence Tb3* titrations and TGA. Thermal degradation
graph of coated nanoparticles showed, as expected, the weight loss of coated
nanoparticles was much higher, reaching in all cases an average weight loss of 53 %
(Figure 2.14B and Figure 2.520). In coated particles, the thermal degradation profile
of DTPA-Si2 was very dominating, confirming its presence in the particles. From them,
an estimated content of 0.55 mgotea/mgnes Was calculated. For the rest of coated
control particles, a DTPA content between 0.49 mgprtra/mgnpes and 0.55 mgptra/mgnes
was calculated, highlighting the coating homogeneity between all studied

nanoparticles (Table 2.54).

Beside TGA, luminescence titrations were also employed as a secondary coating
quantification procedure. Tb3* titrations for quantification of surface DTPA molecules
are based on the emission properties of chelated Tb®* in comparison to free solvated
Tb3* (Figure 2.S18A). In solution, lanthanide’s emission is quenched by the O-H

oscillation of the solvent molecules in the coordination sphere, however, upon
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chelation, solvent molecules are displaced from the coordination sphere and
lanthanide’s emission is increased.8 Moreover, the 1:1 stoichiometry between Tb3*
and DTPA-bisamide derivatives is well known.8" The 1:1 stoichiometry was further
confirmed by titration of a methanolic solution of TbCl3-6H20 to a methanolic solution
of DTPA-Si> (Figure 2.S18B). Hence, by titration of Tb3* to a suspension of
DTPA@SiO2oRu-Van, the luminescent signal of Tb3* increased until reaching a
plateau. From the plateau, the concentration of DTPA was correlated with the
concentration of nanoparticles in the experiment and 0.53 mgotpa/mgnes Was
estimated, in goo agreement with the TGA quantification (0.55 mgotea/mgnps). Similar
results for the quantification of DTPA were calculated for the rest of coated

nanoparticles (Figure 2.519, Table 2.54).
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Figure 2.15. Recorded emission spectra (hexc = 273 nm) and Tb** titration curve of
DTPA@SiO2.oRu-Van. Nanoparticles titrations were performed using a 1 mg/mL
methanolic suspension and a methanol Tb3* solution of 3.3 mM.

2.2.3. Release studies of DTPA@SiO2>Ru-Van
Release studied of Van from DTPA@SiO2>Ru-Van were monitored by fluorescence
spectroscopy based on calibration of Van’s fluorescence signal at 330 nm upon
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excitation at 270 nm. Release experiments were performed with aqueous
nanoparticles dispersions with a nanoparticle concentration of 2.5 mg/mL.
Nanoparticles suspensions in MiliQ water were subjected to continuous shaking at 150
rom at 37 °C. Release studied upon shaking of Van from DTPA@SiO2oRu-Van
showed a cumulative release of the antibiotic up to 18 h, with a cumulative estimated
release of 3.3 + 0.5 ugvan/mgnes (Figure 2.16). DTPA@SiO2oVan (Figure 2.524),
similarly, showed a cumulative release of 3.3 + 0.3 ugvan/mgnps after 18 h upon shaking

(150 rpm) at 37 °C (Figure 2.S524).
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Figure 2.16. (A) Representative fluorescence monitoring release of Van from
DTPA@SiO2DRu-Van (Aexc = 270 nm, Aem = 330 nm) at 37 °C and 150 rpm and (B)
cumulative Van release graph (n = 3).

Moreover as, triggered nature of Van release was explored. For that, nanoparticle
suspension was kept undisturbed at 37 °C were also carried out, defining these
conditions as “static release”. The static release was performed for 90 min and the
results directly compared with Van'’s release upon continuous shaking (150 rpm, 37
°C) for 90 min (Figure 2.S25). Interestingly, the cumulative release of Van under static

conditions was only estimated to be 0.9 + 0.2 ugvan/mgnpes for DTPA@SiO2DRu-Van
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and 0.6 £ 0.1 ugvan/mgnpes for DTPA@SiO2oVan, while Van releases of 3.2 + 0.3
pugvan/mgnpes and 3.7 £ 0.2 ugvan/mgnes Were estimated upon continuous shaking for
DTPA@SiO2oRu-Van and DTPA@SiO2oVan, respectively. Release experiments of
Ru, also monitored by luminescence spectroscopy (Aexc = 450 nm, Aem = 600 nm)
revealed a very low leakage of the complex under both release conditions (Figure
2.S525). These results showed the potential of designed coated hybrid nanoparticles
to act as triggered drug delivery systems for the delivery of Van, and still possess the

vast majority of Ru, also making them ideal for luminescence imaging purposes.

2.2.4. Biocompatibility of DTPA@SiO22Ru-Van
Biocompatibility of designed nanoparticles was assessed through MTT assays using
A549 cell line (lung cancer cell line) as model cell line. The MTT assay is a colorimetric
assay for assessing cell metabolic activity. After treatment of cells with the studied
compounds or nanoparticles, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) is added to the cells and incubated. The MTT reagent, with a yellow
colour, will be metabolised into formazan, which possess a purple colour. Cell viability
is, hereby, assessed by determining the concentration of produced formazan by
optical spectroscopy (A = 595 nm) to respect a negative (DMSO) and positive (Triton-

X) controls.®?

MTT assay of SiO2 did not show any cytotoxicity even up to concentration of 10
mg/mL, emphasizing the high biocompatibility of SiO2, as previously reported.83-8°
Upon coating, DTPA@SiO2 only showed statistically significance cytotoxicity, as
assessed by a 1-way ANOVA followed by a post-hoc Dunnett’'s T-test, at

concentration of 10 mg/mL. Similarly, SiO2DRu-Van did not show significant
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cytotoxicity even up to concentrations of 10 mg/mL. After coating, DTPA@SiO2oRu-
Van only showed statistically significance toxicity at concentrations of 10 mg/mL
(Figure 2.17). The rest of control particles described similar trend that SiO2>Ru-Van
and DTPA@SiO2oRu-Van (Figure 2.526), beside SiO2oVan, where cytotoxicity was

observed from concentration of 0.37 mg/mL and above.
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Figure 2.17. MTT cell viability assays of A549 cell line incubated with studied
nanoparticles for 18 hours with (A) SiO2, (B) DTPA@SiO2, (C) SiO2oRu-Van and (D)
DTPA@SiO2oRu-Van 1-way ANOVA followed by a Dunnett’s t-test corrected for
multiple comparisons was performed, * = P<0.05, ** = P<0.01 and *** = P< 0.001 n =
3.

2.2.5. Antibacterial activity of DTPA@SiO2oRu-Van

2.2.5.1. Minimal Inhibitory Concentration (MIC) determination
In order to assess the antibacterial activity of designed hybrid coated silica
nanoparticles, a Gram-positive representative specie (S. aureus, ATTC23841) and a

library of Gram-negative species (Escherichia coli, MG1655; Acinetobacter baumanii,
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AYE; Klebsiella pneumoniae, ATTC43816R; Klebsiella oxytoca, 080-KPC CHD;
Citrobacter freundii, NCTC9750, Salmonella enterica, SL1344; Pseudomonas
aeruginosa, PA14 and Burkhoderia cenocepacia, K57-2, CF isolate) were chosen.
The main difference between Gram-positive and -negative species relies on the
structure of the cell membrane. Gram-negative bacterial cells possess a double cell
membrane that includes a rigid and impermeable outer membrane; while Gram-
positive species only have one cell membrane, easy to be crossed by molecules. The
impermeability of Gram-negative outer membrane gives bacterial cells intrinsic
resistant against many antibiotics, including Van. However, the susceptibility of S.
aureus and Gram-positive bacterial cells in general to Van is very well-known, as Van

is able to cross the simple cell-membrane of S. aureus and reach the target structure.’

The antibacterial activity of designed nanoparticles and individual cargos was
evaluated by determining the minimal inhibitory concentration (MIC) in Lysogenic
Broth (LB). MIC is, hereby, defined as the minimum concentration of nanoparticles or
cargos where no growth of bacteria is detected.®® Hence, nanoparticles antibacterial
activity was evaluated in a concentration range between 10 mgnes/mL and
0.02 mgnps/mL under shaking conditions (150 rpm, 37 °C) and calculated MIC values

are summarised in Table 2.2.
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Table 2.2. Minimal Inhibitory Concentrations (MIC, mg/mL) of Van, SiOg,
DTPA@SiO2, SiO2oRu-Van and DTPA@SiO2oRu-Van for S. aureus (ATCC23851),
E. coli (MG1655), A. baumannii (AYE), K. pneumoniae (ATCC43816R), K. oxytoca
(080-KPC CHD), C. feundii (NCTC9750) and S. enterica (SL1344) determined by the
2-fold dilution method upon shaking at 150 rpm at 37 °C in LB media. Depicted results
are based on three biological replicas.

*Estimated Van released based on release studies in vitro (in ug/mL, £ 16 %)
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Van >0.25 >0.25 >0.25 >0.25 >0.25 >0.25 0.001

Si0o;  >10 >10 >10 >10 >10 >10 >10
DTPA@SiO: >10 10 10 10 10 10 2.50
SiO2oRu-Van  5.00 2.50 2.50 5.00 5.00 2.50 1.25
1.25 1.25 0.75 1.25 1.25 0.75 0.37

DTPA@SiO;oRu-Van
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The antibiotic Van showed high activity against S. aureus with an MIC of 0.001 mg/mL,
while no activity was observed for E. coli up to concentrations of 0.25 mg/mL. The
aforementioned impermeability of Gram-negative bacterial cell’'s outer cell membrane
to Van is the reason for its lack of activity.! 668" The luminescent agent Ru also showed
moderate activity against S. aureus (MIC = 0.312 mg/mL) and no significant activity
against the Gram-negative species. Ruthenium(ll) complexes’ antibacterial activity

has been previously reported.®® Nevertheless, the modest antibacterial activity of
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employed Ru has been associated with its low lipophilicity, in comparison with other

ruthenium(ll) polypyridyl complex.8%:90

Plain SiO2, moreover, showed no antibacterial activity up to concentrations of 10
mg/mL in all bacteria espies studied, as previously also reported in the literature.®
Interestingly, once the plain nanoparticles are coated, DTPA@SiO2, their activity
increased slightly in Gram-positive bacterial cells, resulting on a MIC of 2.5 mg/mL
while no significance increase was observed for the Gram-negative species. The
membrane-disrupting abilities of DTPA has been previously reported and this is more
evident in simple cell membranes as in the case of S. aureus, supporting these
results.3! Nevertheless, the disruption abilities of surface DTPA may not be enough in
case of Gram-negative species to be translated into a significant antibacterial activity.
SiO2>Ru-Van displayed a moderate antibacterial activity compared with plain SiO2
with MIC of 1.25 mg/mL for S. aureus and MIC values between 2.50 and 5.00 mg/mL
for Gram-negative species. This activity is significantly increased after coating.
DTPA@SiO2.oRu-Van nanoparticles showed a higher antibacterial activity with MIC
values of 0.37 mg/mL for S. aureus and between 0.75 and 1.25 mg/mL for the Gram-
negative species. The increase in the antibacterial activity of coated nanoparticles
evidences the importance of the coating on the nanoparticle penetration into cells as

only when Van is released within the Gram-negative cells it will be active.

Moreover, note that the estimated release of Van in the MIC concentrations was much
lower that the MIC values determined for free Van. It is worth to highlight that in case
of Gram-negative bacterial species, an estimated Van release between 4.1 and 2.5
ug/mL (x 16 %) was enough to inhibit the growth of bacterial cells, when free Van is

not able to inhibit bacterial growth Van in concentration up to 250 pg/mL.
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Equally, SiO22Ru and SiO2oVan showed moderate to null antibacterial activity
depending on the bacterial specie studied, but their activity increased upon coating,

highlighting again the role of the coating in particle activity.

Finally, same experiment was reproduced under static conditions at 37 °C to further
explore the triggered nature of Van release (Table 2.S5). Determined MIC values
under static conditions were much higher than those determined upon shaking (150
rpm, 37 °C), emphasising the importance of triggered release and in good agreement

with in vitro release studies.

Nevertheless, two of exanimated Gram-negative bacterial species (P. aeruginosa and
B. cenocepacia) did not show the same susceptibility to explored nanoparticles
compared with the rest of Gram-negative species. In case of these two species, the
presence of DTPA-coating did not enhance the antibacterial activity of nanoparticles
as it can be seen in Table 2.S5. These results have been associated to the
aminoarabinosylation of Lipid A component of the outer membrane
lipopolysaccharides. Through this modification, a phosphoethylamine or 4-amino-4-
deoxy-L-arabinose molecule is covalently conjugated to the Lipid A next to the divalent
cations, protecting them from chelating agents.®>-** Aminoarabinosylation has been
identified across a large range of P. aeruginosa strains,® including PA14 as well as in

several Burkholderia genre species.%
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2.25.2. DTPA@SiO2oRu-Van chelating abilities against cell
membrane Ca?*
As previously mentioned, the increased antibacterial activity of coated nanoparticles
was attributed to their ability to penetrate the cell membrane and, hence, release Van
inside the cell. In fact, the activity of was DTPA@SiO2>Ru-Van attributed to being
able to chelate structurally essential Ca?* and Mg?* cations in the membrane,
destabilizing them and , hereby, allowing nanoparticle penetration.'®'" It is reported
the ability of poly-aminocarboxylate chelators to interact with bacterial cell membranes
and damage its structural stability by sequestering crucial Ca?* and Mg?* cations,
destabilizing it.3"-°” This effect has been further supported by simulation studied that
revealed that when ethylenediaminotetraacetic acid (EDTA) sequesters the divalent
cations the density of phospholipids increased in the outer membrane, along with a
decrease in the density of lipopolysaccharides; resulting in membrane
destabilization.’? Furthermore, the binding constant (K) of cations to DTPA-bisamide

derivatives have been reported to be in the range of 10°-10° (logK = 5-9).%8

Hence, firstly, the binding affinity of DTPA@SiO2.>Ru-Van against Ca?* was explored
by Isothermal Titration Calorimetry (ITC). ITC enables the measurement of the heat
released or absorbed during a chemical reaction, in this case, the heat released or
absorbed when the metal cation is chelated by the aminocarboxylate. From it, the
affinity between the cation and chelator can be calculated (logK) as well as the
thermodynamic parameters (AH, -TAS and AG) of the chemical event. The titration of

a PBS buffer (0.1 M, pH 7.4) solution of Ca?* (CaCl,) into a PBS buffer.

suspension of DTPA@SiO22Ru-Van concluded a logK value of 7.5 + 0.6, in good
agreement with reported values (Figure 2.18). Moreover, thermodynamic parameters

calculated from the binding curve also indicated that the chelation of Ca?* by
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DTPA@SiO2oRu-Van is a thermodynamically favourable event. Finally, in-situ
formation of the Ca2*DTPA-Si2 complex was further confirmed by mass spectrometry
(Figure 2.S28) supported the viability of the Ca?*DTPA complex on the nanoparticles’

surface.
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Figure 2.18. Isothermal Titration Calorimetry (ITC) graph and fitted data of Ca2t (2.5
mM) into a suspension of DTPA@SiO2>5Ru-Van ([DTPA] = 0.32 mM) in PBS (0.1 M,
pH 7.4) at 25 °C.

Subsequently, DTPA@SiO2oRu-Van nanopatrticles with DTPA chelating sites already
blocked with Ca?* were developed, denoted Ca?*DTPA@SiO;>Ru-Van. Briefly,
incubation of DTPA@SiO2oRu-Van in a Ca?*-rich aqueous solution yielded to
Ca?*DTPA@SiO2oRu-Van (full nanoparticle characterization in Figure 2.527-S28
and Table 2.S6-S7). Antibacterial activity of chelated nanoparticles, assessed by MIC
determination, showed lower antibacterial activity, with similar values to those MIC
values determined for uncoated SiO2oRu-Van (Table 2.3). These results showed the
importance of free carboxylate groups in the particle surface. These carboxylic group
would be then able to remove divalent cations from the membrane and allow particle
penetration.
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Table 2.3. Minimal Inhibitory Concentrations (MIC, mg/mL) of Ca?* DTPA@SiO2>Ru-
Van for S. aureus (ATCC23851), E. coli (MG1655), A. baumannii (AYE), K.
pneumoniae (ATCC43816R), K. oxytoca (080-KPC CHD), C. feundii (NCTC9750) and
S. enterica (SL1344) determined by the 2-fold dilution method upon shaking at 150
rpm at 37 °C in LB media. Depicted results are based on three biological replicas.
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2.2.5.3. Nanoparticle penetration in bacterial cells
In order to further confirm that the observed increased antibacterial activity of coated
nanoparticles is due to their abilities to penetrate the bacterial cells, Structured
lllumination Microscopy (SIM) was employed to monitor the nanoparticle uptake,
taking advantage of the emissive properties of the nanoparticles. SIM, opposite to
conventional confocal luminescence microscopy, uses patterned illumination, usually
stripes, to excite the sample. The emitted luminescence signal is recorded for each of
those positions and then, reconstructed to achieve luminescence imaging with a
resolution effectively double respect to traditional confocal microscopy. Furthermore,
the gentler illumination set-up of SIM prevents organic dyes from photobleaching,

allowing linger imaging experiments.®

S. aureus (ATCC23851) and E. coli (MG1655) were chosen as representative Gram-

positive and Gram-negative species for the imaging studies. Bacterial cells were
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incubated with coated and uncoated hybrid nanoparticles and live imaging of cells with
uptaken nanoparticles was recorded. SIM showed the uptake of red emissive
nanoparticle by tracking the signal of included Ru complex. Spherical S. aureus and
rod-shaped E. coli cells were also co-stained with nucleic-acid stain Hoechst H33342.
Investigation of particle penetration in cells was further explored by z-stack imaging,
that allowed the localization of particles inside cells. Z-stacks were additionally
processed by building intensity profile graphs of Ru signal in comparison with Hoechst

H33342 to confirm the presence of the particles inside the bacterial cells.

After 2 h incubation at 37 °C and mild shaking (150 rpm) in LB, nanoparticle
penetration in S. aureus, based on Ru signal, was observed for SiO22Ru-Van (Figure
19A,B) and DTPA@SiO2oRu-Van (Figure 2.19C,D). This was expected due to the
simple cell membrane structure of Gram-positive bacterial cells, which allows easer
particle penetration, and it is also in good agreement with the determined MIC values
of hybrid nanoparticles for S. aureus. However, no nanopatrticle uptake, based on Ru
signal, was observed for E. coli when it was incubated with uncoated SiO2oRu-Van
nanoparticles (Figure 2.20A). Nevertheless, when incubated with coated
DTPA@SiO2.oRu-Van, Ru signal was observed inside E. coli cells (Figure 2.20B).
Particle penetration was confirmed by z-stack reconstruction (Figure 2.20B1-B2) of
selected cells and orthogonal projections (Figure 2.20C). However, in case of P.
aeruginosa, did not show any internalised nanoparticles even after 18 h incubation
(Figure 2.531), associated with the aminorabinosylation of lipopolysaccharides as

previously explained.
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Figure 2.19. Representative live bacterial cell imaging (n = 5) by structural illumination
microscopy showing red luminescent particle uptake in S. aureus with (A) SiO2DRu-
Van and (C) DTPA@SiO2oRu-Van. Overnight grown bacteria are treated with the
nanoparticles (2.5 mg/mL) for 2 h at 37 °C under mild shaking (150 rpm). Images show
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each channel for the outline of bacterial cells (blue) and particle luminescence (red)
as well as merged channels. 3-D reconstruction: image sequence extracted from the
z-stack of two S. aureus incubated with (A1 and A2) SiO2>Ru-Van and (C1 and C2)
DTPA@SiO2.oRu-Van and orthogonal reconstruction of (C) A1 and A2 and of (D) C1
and C2. Orthogonal reconstructions display central plane image (highlighted with
dashed line) showing red luminescence from nanoparticles inside the cells. Red
channel, ruthenium emission (Aexc = 488 nm, Aem = 580 — 620 nm); blue channel,
Hoechst H33342 emission (Lexc = 405 nm, Aem = 410 — 455 nm).
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Hoechst 33342
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Figure 2.20. Representative live bacterial cell imaging (n = 5) by structural illumination
microscopy showing red luminescent particle uptake in E.coli with (A) SiO2DRu-Van
and (B) DTPA@SiO2oRu-Van. Overnight grown bacteria are treated with the
nanoparticles (2.5 mg/mL) for 2 h at 37 °C under mild shaking (150 rpm). Images show
each channel for the outline of bacterial cells (blue) and particle luminescence (red)
as well as merged channels. 3-D reconstruction: image sequence extracted from the
z-stack of two S. aureus incubated with (B1 and B2) DTPA@SiO2oRu-Van and
orthogonal reconstruction of (C) B1 and B2. Orthogonal reconstructions display central
plane image (highlighted with dashed line) showing red luminescence from
nanoparticles inside the cells. Red channel, ruthenium emission (Aexc = 488 nm, Aem =
560 — 620 nm); blue channel, Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 —
455 nm).
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Furthermore, quantification of internalised nanoparticles was assessed through two
different methodologies: (A) by determining the percentage of bacterial cells that
display Ru signal colocalised with Hoechst H33342 using ImageJ software based on
previously reported method'®; and (B) calculating the Manders’ colocalization
coefficient (M1) using the JACoP plug-in'" in Imaged, which reflects the percentage
of Hoechst H33342 signal is colocalized with Ru signal. SIM image analysis revealed
that 34 £ 8 % (M1 =45 + 12) of S. aureus cells showed Ru signal after incubation for
2 h with SiO2oRu-Van, which increased to 88 £+ 12 % (M1 = 78 £ 2 %) with
DTPA@SiO2oRu-Van. More interestingly, no E. coli cells were observed with Ru
signal after 2 h incubation with SiO2oRu-Van (M1 = 3 £ 2 %). However, Ru signal
arising from DTPA@SiO2oRu-Van was found in 45 £ 10 % (M1 =55 + 16 %) of E.
coli cells. Analysis of the same live cell imaging after 18 h incubation with
DTPA@SiO2oRu-Van increased that percentage of cells with DTPA@SiO2oRu-Van
to70 £ 7 % (M1 =75 = 11 %); while no nanoparticles were detected after 18 h with
SiO2oRu-Van (M1 =8 + 5 %). These results confirmed the effect of DTPA coating in
the penetration abilities of nanoparticles supported the results of the antibacterial

activity of nanoparticles against Gram-negative bacterial cells.

In case of those species displaying lipid A aminoarabinosylation, SIM imaging of P.
aeruginosa incubated with DTPA-coated nanoparticles did not reveal any particle
internalization after 18 h incubation. Nevertheless, particle interaction with bacterial
membrane was observed (Figure 2.532). Lack of particle internalization supported the

MIC results.

SIM images analysis of S. aureus and E. coli bacterial cells incubated with
Ca?*DTPA@SiO2oRu-Van for 2 h (Figure 2.S33) revealed internalisation

quantifications, by Manders’ colocalization coefficient, similar to SiO2>Ru-Van, further
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supporting the MIC data of chelated Ca?*DTPA@SiO2.oRu-Van and the proposed

mechanism of internalization.

2.3.Conclusions
In this study, a novel theragnostic antibiotic delivery system, DTPA@SiO2>Ru-Van,
has been developed by inclusion of the glycopeptide Van and the red-luminescent
metal complex Ru. Both cargos were included within the silica framework in a one-pot
process. Furthermore, this platform was modified via surface modification with DTPA-
Si2. A plethora of material characterization techniques were employed to obtain
sufficient evidence of the successful presence of both cargos and coating. The
nanoparticles also exhibited long red luminescence lifetime, ideal for tracking
purposes. Furthermore, complimentary techniques revealed that formed spherical
particles possessed a highly monodispersed sub-100 nm size. In vitro release studies
revealed that release of Van was triggered upon shaking, showing minimal release of
the antibiotic under static conditions. Moreover, minimal leakage of Ru was observed
under any conditions. Finally, particles showed good biocompatibility properties based

on MTT assays.

Antibacterial activity studies of nanoparticles by determining the MIC values revealed
the importance of the DTPA coating. Against Gram-negative species, antibacterial
activity of nanoparticles highly increased upon coating, while uncoated nanoparticles
resulted in low antibacterial activity. Against the Gram-positive representative S.
aureus, uncoated nanoparticles showed modest activity, even though, it increased
upon coating. Luminescent red-signal of encapsulated Ru allowed the tracking of

nanoparticles in cells by SIM microscopy, revealing that in case of the Gram-negative
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representative E. coli, particle penetration was only observed with coated

nanoparticles, in good agreement with the antibacterial activity experiments.

The suggested mechanism of cell penetration was investigated and the scavenging
abilities of DTPA@SiO2>Ru-Van against structurally required divalent cations (Ca?*)
was assessed by ITC, resulting in a strong affinity. Moreover, blocking of surface
DTPA molecules with Ca?* resulted in antibacterial activity comparable with uncoated

SiO2oRu-Van. Confirming its chelating mechanism

Hereby, DTPA@SiO2oRu-Van represent the first example of the use of the
aminocarboxylate DTPA as cell permeation surface modification for the enhancement
of silica nanoparticles into Gram-negative bacterial cells. Finally, DTPA@SiO2oRu-
Van supposes a step forward for the use of nanoparticle for the treatment of Gram-
negative bacterial infections, allowing the use of antibiotics, such as Van, that are not
active due to the cell membrane impermeability. Additionally, the emissive properties
of the particles make them ideal for imaging and tracking, opening the door to further

experimentation for the understanding of nanoparticle-cell interactions.
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2.4.Experimental section
2.4.1. Synthetic procedures
Ru(phen)sCl2-:6H20 (Ru) and tetraethoxysilane (TEOS) were purchase from Sigma-
Aldrich and Vancomycin-HCI (Van) from Alfa Aesar. Rest of chemicals and
consumables were purchased from Sigma-Aldrich and were of the highest quality

available.

SiO2oRu-Van. Ru(phen):Cl2 (Ru) and Vancomycin HCI (Van) loaded silica
nanoparticles (SiO2) were synthetized following a modified methodology reported by
D. J. Lewis et al.?3 Briefly, a solution containing 25 mL of EtOH, 1.5 mL of 28% NH4OH
and 125 uL of a 13 mM aqueous solution of Ru and 125 uL of a 67 mM aqueous
solution of Van was stirred at room temperature. To this, a solution containing 5 mL of
EtOH and 2 mL of TEOS was slowly added, and the resulting solution was stirred for
2 h at room temperature, followed by 15 min of sonication treatment (200 W, 50 Hz)
before another hour of stirring. Finally, obtained yellow suspension was centrifuged
(7450 rpm, 15 min) and the supernatant removed. SiO2>Ru-Van were washed with

water (3 x 20 mL) and dried overnight under vacuum.

SiO2>Van. Van loaded SiO2 were synthesised following the same procedure by using

125 uL of a 67 mM aqueous solution of Van.

SiO2DRu. Ru loaded SiO2 were synthesised following the same procedure by using

125 uL of a 13 mM aqueous solution of Ru.
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DTPA-Si2, silyl-derivative bisamide diethyelenetriaminepentaacetic acid.
Diethylenetriaminepentaacetic acid dianhydride (0.5g, 1.4 mmol) was dissolved in
anhydrous pyridine (20mL) undernitrogen. To the stirred solution, 3-
aminopropyl triethoxysilane (APTES, 0.7 mL, 2.8 mmol) was added. The solution was
left to stir undernitrogenfor 24 h at room temperature. The resulting solution
was reducedto5mL upon rotary evaporation. The product was precipitated
using anhydrous hexane (200 mL), stirred in an ice bath under nitrogen. The product
was left to further precipitate overnightat 4 °C. Resulting white precipitate was
isolated via filtration, washed with anhydrous hexane (4x 40 mL) and dry under
vacuum (1 g, 95%). '"H-NMR (300 MHz, de-DMSO, ppm): 8.08 (2H, s, NHCO), 3.73
(12H, q, J = 6.96 Hz, OCH2CH3), 3.33 (6H, s, CH2.COOH), 3.22 (4H, s, NH2CON), 3.04
(4H, m, J = 7.11 Hz, NCH2Et), 2.94 (4H, t, J = 6.16 Hz, NCH2CH2N), 2.81 (4H, t, J =
6.16 Hz, NCH2CH2N), 1.45 (4H, m, J=7.11 Hz, NCH2CH2CH>), 1.14 (18H, t, J = 6.96,
CHs), 0.52 (4H, t, J = 7.50 Hz, NCH2CH2CH>). "*C-NMR (400 MHz, de-DMSO, ppm):
167.9, 165.4, 53.1, 52.8, 51.4, 50.5, 47.5, 35.6, 19.8, 18.1, 14.6, 14.4, 2.8. ESI-MS:
m/z 798.4008 ([M-H]-, calcd. 798.3989). FTIR (cm™)= 3215 (w, N-H), 2965 (m, C-H.),
2920 (m, C-H), 2875 (m, N-H), 1653 (s, C=0), 1355 (m, C-OCH2CH3), and 1073 (s, C-

0).

DTPA@SiO.. The SiO2 nanoparticles (30 mg) and silyl-derivative bisamide DTPA-Si2
(70 mg) were mixed in anhydrous toluene (10 mL) and sonicated for 5 min to give a
homogenous suspension which was heated in reflux at 125 °C under nitrogen

overnight. The DTPA@SiO2 nanoparticles were isolated by centrifugation and
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washed with ethanol (1 x 20 mL) and MiliQ water (3 x 20 mL) to remove unreacted
DTPA-Si; and dried under vacuum. FTIR (cm™)= 3215 (w, N-H), 2965 (m, C-H),

2920 (m, C-Hz), 2875 (m, N-H), 1653 (s, C=0), and 1073 (s, C-O).

Ca?* complexation to DTPA@SiO2oRu-Van. DTPA@SiO2oRu-Van (25 mg) was
added into a saturated aqueous solution of CaCl. and sonicated for 5 min to give a
homogenous suspension. The resulted suspension was stirred at room temperature
for 1 h. Ca>*DTPA@SiO.oRu-Van were isolated by centrifugation and washed with

ethanol (1 x 20 mL), MiliQ water (3 x 20 mL) and dried under vacuum.

2.4.2. Methodologies
Quantification of DTPA on SiO2 by Tb(lll) titration on DTPA@SiO-. In order to
quantify surface conjugated DTPA molecules, a methanolic solution of TbClz-6H-O
(0.33 mM) was added in 5 pl aliquots to a suspension of DTPA@SiO2 (1 mg in 2 mL
of MeOH) and the Tb(lll) luminescence signal (Aexc = 236 nm, Aem = 450 — 750 nm)

was monitored.

Antibiotic release studies. Release studies were performed using loaded SiO:
suspension (2.5 mg/mL) in Milli-Q water at 37 °C under mild shaking (150 rpm) at 37
°C. Aliquots were removed at different time points, centrifuged (5 min at 14000 rpm)
to remove nanoparticles and released Ru and/or Van in the supernatant determined

by fluorescence spectroscopy using a Horiba Fluorolog-3 spectrometer (for Ru Aexc =

450 nm and Lem = 600 nm and Van Lexc = 270 nm and Aem = 330 nm).
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Minimal Inhibitory Concentration (MIC) determination. MIC values of studied
nanoparticles, Ru and Van were determined for S. aureus (ATCC29213) E. coli
(MG1655), A. baumannii (AYE), K. pneumoniae (ATCC43816R), K. oxytoca (080-KPC
CHD), C. feundii (NCTC9750), S. enterica (SL1344), P. aeruginosa (PA14) and B.
cenocepacia (CFl) via the standard broth-dilution method in 96-well microlitre plates
in Lysogeny Broth (LB). The MIC of each compound was evaluated using a 2-fold
decreasing concentration of each sample between 500 — 0.5 ng/mL for Ru and Van
and between 10.00 — 0.04 mg/mL for the SiO2 nanoparticles against a bacterial
inoculum of 107 - 10° colony forming units per mL (CFU/mL). Plates were incubated at
37 °C for 18 h under mild shaking (150 rpm). MIC values were determined as the

lowest concentration where no turbidity is observed.

Isothermal Titration Calorimetry (ITC). Binding constant of Ca?" with
DTPA@SiO2.oRu-Van was determined by ITC in PBS (0.1 M, pH = 7.4) at 25 °C
titrating a solution of CaClz (2.5 mM) into a DTPA@SiO2oRu-Van suspension with a
DTPA concentration of 0.32 mM. Recorded data was fitted using the Malvern MicroCal

PEAQ-ITC V1.41 software.

Structured illumination microscopy (SIM) imaging. In order to study the cell-uptake
of nanoparticles, overnight inocula (2 mL) were mixed with SiO2oRu-Van and DTPA@
SiO2>Ru-Van with a final nanoparticle concentration of 2.5 mg/mL and incubated at
37 °C and 150 rpm for 2 h or 18 h. 1 mL of incubated cells were stained with Hoechst

H33342 (10 uL, 1 mM) for 30 min, followed with washing with PBS (0.1 M, pH 7.4, 1
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mL). Stained bacteria were placed on microscope slides and imaged. In each
experiment five images were obtained from five independent biological replicates
(n=5). Colocalization analysis between channels was carried out using the Fiji image
software plugin JACoP'9', from which the Pearson and Manders’ Overlapping

correlation parameters were calculated over five different images per treatment

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability
assays. Cytotoxicity of studied nanoparticles was assessed by MTT cell viability
assays using A459 lung cancer cell line. Cells were seeded at 6500 cells per plate in
96-well plates and left overnight for attachment to occur. The next day the media was
removed and fresh media (100 plL) containing nanoparticles added. Following
treatment for 18 h the media was removed, and cells incubated with 200 uL of media
containing 0.5 mg/mL MTT solution for 3 hours. The media was removed and reduced
MTT was solubilized by addition of DMSO (200 uL) and absorbance at 590 nm
measured in a plate reader (Tecan Infinite 200Pro) as an indicator of mitochondrial
reductive activity and cellular viability. All samples were normalized to a solvent
(DMSO) blank, and the results represent the mean of three experiments carried out in

triplicate (n= 3 £ SEM).
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2.5. Appendix
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Table 2.S1. Dynamic Light Scattering (DLS, n = 5) and surface (-potential (n = 3)
measurements of SiO2, SiO2oRu, Si0O2oVan, SiO2oRu-Van and respective coated
nanoparticles. Measurements were performed at 25 °C in PBS buffer (0.1 M, pH 7.4,
[Na*] = 153 mM) with nanoparticle concentration of 1 mg/mL. Additional data was
recorded in water and in PBS with addition of NaCl and tetrabutylammonium chloride
(BusNCl) to explore the effect of the ionic strength of the media in the hydrodynamic
size of the hybrid nanoparticles.

L ¢-potential
Hydrodynamic size / nm
ImV
Dispersant Intensity Volume Number PDI
SiO; 68 + 8 655 57+2 0.02 -37+6
DTPA@SiO; 89+33 67+26 52+15 0.17 “45+7
SiOoRu 74+20 61+26 52+15 0.17 255
DTPA@SiO.oRu 121+26 113+28 100122 0.24 -37+6
SiO;>Van 94+22 64+18 4717 0.07 -24 +9
DTPA@SiO;oVan 103+30 92+30 81+15 0.17 407
Water 89+29 86+12 84122 0.16 -16 £ 2
Water +
100+21 89+15 72123 0.17
153 mM NaCl
PBS 98+29 82+26 67+18 0.15 -18+6
SiO.oRu-Van
PBS +
168 +22 148+21 115+15 0.18
500 mM NaCl
PBS+
148 +22 138+15 148+20 0.20
500 mM BusNCI
Water 94+10 92+15 89114 0.24 203
DTPA@SiO:DRu-
Water +
Van 118+15 110+21 98+23 0.19
153 mM NaCl
95

Asier Rodriguez Muguruza — December 2023



PBS 113+28 105+25 94+20 0.21 -24 +5

PBS +
185+14 175+31 170+30 0.32
500 mM NaCl

PBS+
165+17 155+23 1561+22 0.25
500 mM BusNCl

Figure 2.89. Scanning Electron Microscopy (SEM) images of A) SiO2, (B)
DTPA@SiO2, (C) SiO:oRu, (D) DTPA@SiO:oRu, (E) SiO2oVan, (F)
DTPA@SiO2oVan. Magnification 50k x, 20.0 kV electron beam.
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Figure 2.810. Transmission Electron Microscopy images and particle size distribution
of (A) SiO2 and (B) DTPA@SIiO-. Size-distribution was calculated using a Gaussian
distribution function based on 20 diameter measurements.
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Figure S2.11. Transmission Electron Microscopy images and particle size distribution
of (A) SiO2oRu and (B) DTPA@SiO2oRu. Size-distribution was calculated using a
Gaussian distribution function based on 20 diameter measurements.
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Figure 2.812. Transmission Electron Microscopy images and particle size distribution
of (A) SiO2oVan and (B) DTPA@SiO2oVan. Size-distribution was calculated using a
Gaussian distribution function based on 20 diameter measurements.

Table 2.S2. Size-distribution was calculated using a Gaussian distribution function
based on 20 nanoparticle measurements from TEM images.

Size/ nm PDI
SiO: 50 £ 1 0.02
DTPA@SiO: 51+ 1 0.02
SiO2oRu 48 + 3 0.03
DTPA@SiO2oRu 50+ 2 0.03
SiO2oVan 84+5 0.02
DTPA@SiO2oVan 88+6 0.02
SiO2oRu-Van 85+3 0.02
DTPA@SiO2oRu-Van 87+ 4 0.02
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Figure 2.S13. Raman spectra (Lexc = 633 nm) of (A) SiO2>Ru and (B) SiO2>Van.
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Figure 2.S14. FT-IR spectra of (A) DTPA@SiO2, (B) DTPA@SiO2oRu and (C)
DTPA@SiO2oVan.
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Figure 2.815. Solid-state UV/Vis spectra of (A) SiO2oRu and (B) SiO2>Van.
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Figure 2.816. Solid-state Ru emission spectra (Aexc = 450 nm) and luminescence
lifetime decays (Aexc = 455 nm, Aem = 600 nm) of SiO25Ru and DTPA@ SiO2oRu
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Figure 2.S17. Solid-state Van emission spectra (Aexc = 270 nm) of (A) SiO2>Van and

DTPA@ SiO2oRu and (B) SiO2oRu-Van and DTPA@ SiO2DRu-Van.

Table 2.S3. Solid-state photophysical parameters of Ru complex and Ru-containing
nanoparticles (Amax and @ lexc = 450 Nnm, 1 Aexc = 455 nm and Aem = 600 nm)

Amax/nm 11/ ps (%) 12/ ps (%) X
Ru(phen)sClz (Ru) 495 1.1 (100)?
SiO2oRu 612 1.45 (89) 0.38 (11)  1.019
DTPA@SiO:oRu 593 3.31 (90) 0.84 (10)  1.004
SiO2oRu-Van 613 1.69 (90) 0.33 (10) 1.021
DTPA@SiO;oRu-Van 595 2.52 (91) 0.34 (10)  1.049

aReported from ref (1°2) for comparison.
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Figure 2.S18. (A)Scheme, showing the principles of the principles of luminescence
Tb3* titrations with DTPA-Si2 and (B) Recorded emission spectra (Aexc = 273 nm) and
titration curves of DTPA-Si2 in methanol (4 mM) showing 1:1 stoichiometry between
Tb3" and DTPA-Si..
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Figure 2.819. Recorded emission spectra (Aexc = 273 nm) and titration curves of (A)
DTPA@SiO., (B) DTPA@SiO2oRu and (C) DTPA@SiO2.oVan. Nanoparticles
titrations were performed using a 1 mg/mL methanolic suspension and a methanol

Th3* solution of 3.3 mM.
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Figure 2.S20. Quantification of included cargo and DTPA quantification in (A)
DTPA@SiO2oRu and (B) DTPA@SiO2oVan. Samples were heated from 30 °C to
900 °C at 1 °C /min rate with a 10 min isothermal step at 100 °C to ensure water
removal. All degradation curves are set at 100 % for clarity.

Table 2.S4. Quantification of loading and DTPA content in control nanoparticles by
different quantification techniques.

Loading / pg-mgnps”’ Coating / mgprpa-mgnps”’
Fluorescence TGA TGA Tb*
DTPA@SiO; N/A 0.55 0.50
DTPA@SiO2oRu 25 26 0.50 0.54
DTPA@SiO;oVan 92 89 0.49 0.53
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Figure 2.521. UV/Vis calibration of Van in (A) water and (B) EtOH (0.4 uM NH4OH).
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Figure 2.S22. UV/Vis calibration of Ru in (A) water and (B) EtOH (0.4 uM NH4OH).
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Figure 2.S23. Fluorescence emission calibrations of (A) Ru (Aexc = 450 nm) and (B)
Van (Aexc = 270 nm) in water. n = 3
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Figure 2.S24. (A) Representative fluorescence monitoring release of Van from
DTPA@SiOz2oVan (Aexc = 270 nm, Aem = 330 nm) at 37 °C and 150 rpm and (B)
cumulative Van release graph (n = 3).
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Figure 2.S25. Quantification of (A) released Van from DTPA@SiO.oVan and
DTPA@SiO2oRu-Van and (B) Ru leakage from DTPA@SiO2oRu and
DTPA@SiO2oRu-Van under stirring (150 rpm) or static conditions at 37 °C after 90
min by luminescence spectroscopy (Aexc = 270 nm, Aem = 330 nm for Van and Aexc =
450 nm, Aem = 600 nm for Ru, n = 3).
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Figure 2.526. MTT cell viability assays of A549 cell line incubated with studied
nanoparticles for 18 hours with (A) SiO2oRu, (B) DTPA@SiO22Ru, (C) SiO2>Van
and (D) DTPA@SiO2oVan. 1-way ANOVA followed by a Dunnett’s t-test corrected for
multiple comparisons was performed, ns = p>0.05, * = p<0.05, ** = p<0.01 and *** =
p< 0.001, n = 3.
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Table 2.S5. Minimal inhibitory concentration (MIC, mg/mL) of Ru(phen)3CI2 (Ru) and
Vancomycin HCI (Van) active compounds and synthetized nanoparticle library for S.
aureus (ATCC23851), E. coli (MG1655), A. baumannii (AYE), K. pneumoniae
(ATCC43816R), K. oxytoca (080-KPC CHD), C. feundii (NCTC9750), S. enterica
(SL1344), P. aeruginosa (PA14) and B. cenocepacia (K57-2, CF isolate) determined
by the 2-fold dilution method upon shaking at 150 rpm (red) and under static conditions

(black) at 37 ©C in LB media. Depicted results are based on 3 biological replicas.
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Table 2.S6. Thermodynamic parameters (kcal/mol) determined by Isothermal Titration
Calorimetry (ITC) of Ca?* (2.5 mM) into a suspension of DTPA@SiO2>Ru-Van
([DTPA] = 0.32 mM) in PBS (0.1 M, pH 7.4) at 25 °C.
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Figure 2.S27. Dynamic Light Scattering (DLS) analysis (n = 5) and surface {-potential
distribution (n = 3) in PBS (0.1 M, pH 7.4) of Ca?*DTPA@SiO2>Ru-Van.

Table 2.S7. Dynamic Light Scattering (DLS, n = 5) and surface (-potential (n = 3)
measurements of Ca**DTPA@SiO2oRu-Van. Measurements were performed at
25 °C in PBS buffer (0.1 M, pH 7.4) with nanoparticle concentration of 1 mg/mL.

Hydrodynamic size / nm

C-potential
Intensity Volume Number PDI ImV
112+21 128+15 98+5 0.21 10 + 4
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DTPA-Si2/Ca(ll) C32H63N5014Si2Ca MW=838 University of Birmingham, School of Chemistry Asier Rodriguez-Muguruza

(CH30H)/CH30H:H20 Waters Xevo G2-XS 26-Jan-2022 16:41:40

ZP-AXR-4M7YW-ESI-Neg-1 (0.027) Is (1.00,0.01) C32H62N5014Si2Ca 2: TOF MS ES-

100 836.3458 5.51e12
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Figure 2.528. Theoretical and observed (-)ESI-ToF spectrum of Ca?*DTPA-Si..
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Figure 2.S29. Emission profiles generated from z-stack analysis (Figure 2.X) for
selected stained S. aureus (ATCC23851) and E. coli (MG1655) cells incubated with
DTPA@SiO2oRu-Van with a final nanoparticle concentration of 2.5 mg/mL for 2 h at

37 OC under mild shaking (150 rpm). Red channel, Ru emission (Lexc = 488 M, hkem =
560 — 620 nm); blue channel Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 —
450 nm).
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Figure 2.S30. Orthogonal reconstruction of selected central plane from z-stack
images of further biological replicates from (A) S. aureus (ATCC23851) and (B) E.coli
(MG1655) cells showing ruthenium signal inside cells after incubation with
DTPA@SiO2oRu-Van. Overnight grown bacteria were incubated with
DTPA@SiO2oRu-Van with a final nanoparticle concentration of 2.5 mg/mL for 2 h at

37 OC under mild shaking (150 rpm). Red channel, Ru (kexc = 488 nm, kem = 560 —
620 nm); blue channel Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 — 450
nm).
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Figure 2.S31. Representative live cell structural illumination microscopy of bacterial
cells with 18 h incubation time of DTPA@SiO2oRu-Van in E. coli (MG1655) (n = 5).
Images show each channel for the outline of bacterial cells (blue) and particle
luminescence (red) as well as merged channels (A) and orthogonal reconstruction of
3D z-stack images (B). Overnight grown bacteria were incubated with

DTPA@SiO2oRu-Van with a final nanoparticle concentration of 2.5 mg/mL at 37 °C
under mild shaking (150 rpm). Red channel, Ru emission (Aexc = 488 nm, Aem = 520 —
620 nm); blue channel Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 — 450
nm).
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Table 2.S8. Colocalization between blue and red signal in S. aureus (ATCC23851)
cells after incubation with SiO2>Ru-Van and DTPA@SiO2oRu-Van (2.5 mg/mL) at
150 rpm and 37 °C for 2 h and was analysed by the Fiji plug in JACoP'?" calculating
the Pearson and Manders’ Overlap coefficient (n = 5) after different incubation times.
M1 corresponds to the relative blue signal (Hoechst, bacterium cell) overlapping with
the red channel (Ru, nanoparticles). M2 corresponds to the relative red signal
overlapping with the blue one.

JACoP
Manders’ overlapping
coefficient
M1 M2
SiO;oRu-Van 0.45+0.12 0.55 + 0.09
DTPA@SiO;oRu-Van 0.78 £ 0.06 0.87 £0.12

Table 2.S9. Colocalization between blue and red signal in E. coli (MG1655) cells after
incubation with SiO2oRu-Van and DTPA@SiO2o5Ru-Van (2.5 mg/mL) at 150 rpm and
37 °C for 2 h and 18 h was analysed by the Fiji plug in JACoP,'°" calculating the
Pearson and Manders’ Overlap coefficient (n = 5) after different incubation times. M1
corresponds to the relative blue signal (Hoechst, bacterium cell) overlapping with the
red channel (Ru, nanoparticles). M2 corresponds to the relative red signal overlapping
with the blue one.

JACoP

Manders’ overlapping coefficient

Incubation time M1 M2
2h 0.03+0.02 0.10 £ 0.04
SiO,oRu-Van
18 h 0.08 £ 0.05 0.20 £ 0.07
2h 0.55+0.16 0.61+0.13
DTPA@SiO;>Ru-Van
18 h 0.75+0.11 0.87 £ 0.07
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Figure 2.S32. Representative live cell structural illumination microscopy of bacterial
cells with (A) 2 h and (B) 18 h incubation time with DTPA@SiO2oRu-Van in P.
aeruginosa (PA14) (n = 5). Images show each channel for the outline of bacterial cells
(blue) and particle luminescence (red) as well as merged channels. (C) shows
nanoparticles close to the membrane of P. aeruginosa cells after 18 h incubation, but
no Ru signal inside cells was observed. Overnight grown bacteria were incubated with

DTPA@SiO2oRu-Van with a final nanoparticle concentration of 2.5 mg/mL at 37 °C
under mild shaking (150 rpm). Red channel, Ru emission (Aexc = 488 nm, Aem = 520 —
620 nm); blue channel Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 — 450
nm).
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Figure 2.S33. Representative live cell structural illumination microscopy of bacterial
cells with 2 h incubation time of Ca**DTPA@SiO.oRu-Van in (A) S. aureus
(ATCC23851) and (B) E. coli (MG1655) (n = 5). Images show each channel for the
outline of bacterial cells (blue) and particle luminescence (red) as well as merged
channels. Overnight grown bacteria were incubated with Ca?*DTPA@SiO2>Ru-Van

with a final nanoparticle concentration of 2.5 mg/mL at 37 °C under mild shaking (150
rom). Red channel, Ru emission (Aexc = 488 nm, Aem = 520 — 620 nm); blue channel
Hoechst H33342 emission (Aexc = 405 nm, Aem = 410 — 450 nm).
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Table 2.510. Colocalization between blue and red signal in S. aureus (ATCC23851)
E. coli (MG1655) cells after incubation with Ca>*DTPA@SiO2oRu (2.5 mg/mL) at 150
rom and 37 °C for 2 h was analysed by the Fiji plug in JACoP'"" calculating the
Pearson and Manders’ Overlap coefficient (n = 5) after different incubation times. M1
corresponds to the relative blue signal (Hoechst, bacterium cell) overlapping with the
red channel (Ru, nanoparticles). M2 corresponds to the relative red signal overlapping
with the blue one.

JACoP
Manders’ overlapping
coefficient
M1 M2
S. aureus 0.35+0.09 0.65+0.16
E. coli 0.09 £ 0.03 0.55 + 0.07
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Chelating silica nanoparticles for efficient
antibiotic delivery and particle imaging in Gram-
negative bacteriaf

Asier R. Muguruza,@a Alessandro di Maio, ©° Nikolas J. Hodges,@C
Jessica M. A. Blair ®*9 and Zoe Pikramenou ® *

The inefficacy of antibiotics against Gram-negative bacteria is a major challenge for treatment of many
clinically important bacterial infections. The complex structure of the double cell membrane of Gram-
negative bacteria makes it inaccessible to many key antibiotics such as vancomycin and also presents
a major challenge for drug development. In this study we design of a novel hybrid silica nanoparticle
system bearing membrane targeting groups with the antibiotic encapsulated together with a ruthenium
luminescent tracking agent, for optical detection of the nanoparticle delivery in the bacterial cell. The
hybrid system shows delivery of vancomycin and efficacy against a library of Gram negative bacterial
species. Evidence of penetration of nanoparticles in bacteria cells is achieved via luminescence of the
ruthenium signal. Our studies show that nanoparticles modified with aminopolycarboxylate chelating
groups are an effective delivery system in bacterial growth inhibition in species whereas the molecular
antibiotic is ineffective. This design provides a new platform for delivery of antibiotics that cannot alone
penetrate the bacterial membrane.

Introduction

Gram-negative bacterial species, including E. coli, are major
causes of infectious diseases worldwide and account for all
organisms in the “critical” category of the WHO list of antibiotic-
resistant “priority pathogens”.! These bacteria are intrinsically
drug-resistant due to the presence of an impermeable outer
membrane.>’ The design of novel antibiotics with activity against
Gram-negative bacteria can be challenging due to the drug's size
and hydrophobicity properties in order for the drug to cross the
membrane and access intracellular targets. Nanoscale materials
are attractive vehicles for the delivery of therapeutic agents with
wide chemical versatility which provides potential to overcome
multi-drug resistance mechanisms.*

Silica nanoparticles are attractive vehicles due to their
excellent biocompatibility, facile synthesis with tunability of
their size and surface chemistry for functionalisation. The most
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popular approach using silica nanoparticles for drug delivery is
the formation of mesoporous particles. Indeed, such approach
leads to high loading capacity with a plethora of agents, from
nucleic acids to cancer drugs and several antibiotics.””
However, there are two drawbacks which limit their translation
to the clinic: the porosity of the particle is induced by the use of
a surfactant such as cetyl trimethyl bromide which is cytotoxic
and needs to be fully removed from the particle;® secondly, the
high porosity leads to uncontrolled, “burst” release of the
adsorbed agent in fluid delivery conditions which limits their
application in targeted delivery. Approaches to limit the leakage
of the drug usually involve functionalization of the particle's
outer surface with a range of macromolecular structures to
block the pores such as polymers,*® peptides'® or lipids.""

To tackle the challenge of both membrane permeation and
controlled antibiotic delivery we chose to develop a hybrid, non-
mesoporous silica nanoparticle system with surface function-
alization to enhance penetration of the bacterial cell and
inclusion of a metal complex to allow optical tracking of the
nanoparticle's fate inside the cell. Hybrid nanoparticles have
been previously developed with designs involving covalent
modification of particle surface with organic fluorophores,' or
condensation of silyl-modified organic fluorophores in the
silica network® or by covalently linking quantum dots to the
silica framework of porous nanoparticles.* We have previously
explored tracking of nanoparticles using metal complexes as
photostable luminescent agents with characteristic emission
properties which offer optical imaging modalities based on
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their distinct signal, away from any scattering, with long lumi-
nescent lifetimes, to probe their localisation in tissues,'>*®
under flow conditions'”*® and in drug delivery.* In this study we
chose to use ruthenium tris phenanthroline, Ru, as a lumines-
cent photostable probe which is much more resistant to pho-
tobleaching than organic dyes. In addition, its encapsulation in
the silica framework is well established,* leading to highly
luminescence nanoparticles that can be tracked by imaging.*
Vancomycin, Van, was chosen as it is a well-studied antibiotic,
effective against many Gram-positive species but not Gram-
negative bacteria which are intrinsically resistant to it due to
the low permeability.> This has been attributed to the bulky
glycopeptide structure which does not cross the Gram-negative
bacteria cell outer membrane. By encapsulation of vancomycin
in the silica particle it is envisaged that the interaction with the
outer membrane will be governed by the particle properties
rather than the properties of the antibiotic. Inclusion of vanco-
mycin in silica nanoparticles has been previously reported
through two different methodologies: surface covalent
anchoring® or absorption into the porous network of meso-
porous silica nanoparticles,* which would not be effective in our
case as it would only allow the treatment of those bacterial cells
that are in contact with the nanoparticle leading to the afore-
mentioned limitations of usage. In our approach we would use
encapsulation of the vancomycin together with the positively
charged ruthenium agent during the growth of the silica network.
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To modulate the particle's surface properties and interaction
with the bacterial membrane we have incorporated a bis(amide)
derivative of diethylene triamine pentaacetic acid (noted as DTPA)
to attach covalently onto the silica nanoparticle outer surface.
Diethylene triamine pentaacetic acid has been shown previously
to destabilize the Gram-negative bacterial cell wall, based on its
chelating properties to calcium in the bacterial outer
membrane.' > Our hybrid silica design was based on using the
surface properties of the particle to induce uptake and the
encapsulated antibiotic to act following particle uptake. The
hybrid nanoparticle was formed in two steps: firstly, Van was
encapsulated together with Ru luminescent agent during the
silica nanoparticle formation, followed by the attachment of the
surface active DTPA to the isolated nanoparticles to give
DTPA@SiO, DRu-Van (Fig. 1). To assess the influence of the
surface-active ligand and the encapsulation, control nanoparticles
were also examined without the surface coating, or with a single
agent. All particles were tested against S. aureus and a selection of
Gram-negative bacterial species and luminescence microscopy
was also used to demonstrate tracking of the particles.

Results and discussion
Particle formation and characterization

Our synthetic methodology was based on the formation of the
silica nanoparticles in the presence of the antibiotic, Van, and
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Fig.1 Schematic representation of hybrid DTPA@SiO, D Ru-Van and nanoparticles with single agents with and without DTPA coating for control
experiments.
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the luminescent tracking agent, Ru under controlled condi-
tions™ to yield SiO, 5 Ru-Van particles (Fig. 1). Although SiO,-
ORu have been previously reported™* with the ruthenium
complex as encapsulated agent, hybrid particles with antibiotic
have not been previously developed. It was envisaged that the
addition of vancomycin at the same time of the ruthenium
agent will allow growth of silica around them as it occurs with
single agents. Encapsulation of both agents may have been
driven by the electrostatic properties of the positively charged
ruthenium and the hydrogen-bonding of vancomycin with the

View Article Onbne
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sizes from the microscopy studies were anticipated as the
images do not reflect the outer surface of the particle accounted
in the hydrodynamic measurements. The same trend for the
size and shape of the particles was observed for the particles
including the single agents with sizes of 50-90 nm. FT-IR and
Raman spectroscopy were employed to provide signatures of the
agents in the particles. FT-IR spectra are dominated by the Si-
O-Si and Si-O stretches and the individual cargo peaks are too
weak to be observed. However, the DTPA stretches are observed
in all coated particles with peaks attributed to C-H and N-H

N tod

silica framework. Particles with single agent were also p d,

¥

Si0; ORu and Si0:SVan, under the same diti for

bands, as well as C=0 stretches (SIt). The char-

istic cargo peaks are observed by Raman spectroscopy. In

comparisons. Following isolation and purific of the parti-
cles with the encapsulated agents, the surface of the particles
was modified upon reaction with the silyl surface active bis{a-
mide) derivative (Fig. 1).** The final particles were purified by
washing and centrifugation. Size and properties of all nano-
particles were analyzed by a suite of characterization tech-
niques, including Dynamic Light Scattering (DLS) and electron
microscopy techniques. A summary of the two hybrid nano-
particle systems is presented in Table 1 and the rest of the
nanoparticle systems in Tables S1 and S2.% DLS results provide
the hydrody ic di of the particles. In water there is
not a significant difference of the coated DTPA@SIO; DRu-Van
and uncoated Si0; 5 Ru-Van particles as it is expected. H;

in PBS DTPA@SIO: ORu-Van show larger sizes on mtensi:y
values without i of polydisp which excludes
aggregation. The effect is more pronounced with the coated
particles which have free carboxylate groups and it is also evi-
denced upon addition of excess NaCl (Table S11). The change of
the surface coating was also evidenced by the I-potential
measurements  with  a  higher negative potential  of
DTPAESIO, SRu-Van, —24 mV compared to Si0, SRu-Van
from —18 mV (Table 1), attributed to the neg:nvely charged
carboxylate moieties. This trend in the T-p ial

cargo-loaded Si0, nanoparticles, Raman shifts assigned to the
C-C stretching and C-H of both cargos were observed in the
1000-1700 em ™' range (ESIt), confi g their p in the
silica framework.

To eval their properties for d ion in bacterial cells,
optical spectroscopy was employed. Solid-state UVjvis spec-
troscopy of SiO,DRu-Van showed a broad band centred at
425 nm, ch istic of the singlet metal to ligand charge
transfer transition (*MLCT) of the Ru complex along with
a broad band with shoulder at 281 nm and a 261 nm attributed
to the Van antibiotic ==* i and ph throli
transitions, respectively (Fig. 2). Excitation of both coated and
uncoated particles, DTPA@SIO;  Ru-Van and $i0; O Ru-Van, at
the "MLCT band at 450 nm showed a broad luminescence peak
in the red of the spectrum which is characteristic of the *MLCT
transition. The peak is observed at 613 and 612 nm in Si0; SRu-
Van and Si0; 5 Ru showing no effect from the presence of Van
with a small lifetime increase (ESIT). However, the coated
particles DTPAESIO; C Ru-Van showed a blue shift to 595 nm.
This was further supported by the 19 nm shift of the emission in
DTPA@SIO, O Ru in comparison with SiO, O Ru. Interestingly,
the luminescence lifetime of the Ru-based emission was

is also supported for the nanoparticles with the single
agent Ru or Van upon coating (ESIt). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
(Fig. 2 and ESIf) images confirmed the uniform, spherical

d from 169 ps in SiO,ORw-Van to 252 ps in
DTPA@SIO, C Ru-Van and from 1.45 ps in Si0, D Ru to 3.31 ps
DTPA@SIO, O Ru. The increase of the lifetime may be attributed
to the surface functionalisation with DTPA which decreases

S responsible for quenching the ruthenium lumi-

morphology and good monodispersity of Si0, 5Ru-Van and
DTPAESIO: DRu-Van (ESIT). Independent particle measure-
ments of the nanoparticles from the microscopy images led to
estimated average sizes of 85 + 3 nm and 87 £ 4 nm for SiOr
DO Ru-Van and DTPA@ESIO; O Ru-Van, respectively. The smaller

nescence. Upon excitation at 270 nm, a fluorescence signal at
330 nm indicated the presence of Van in SiO; DRu-Van, a 3 nm
blue sift was observed for Van's emission after coating with
DTPA. SiO; D Van also displayed a 5 nm blue shift upon DTPA
coating (ESIT). The hybrid particles display dual emission in the

Table 1 Surmmary of nanoparticle properties for S#0; 2 Ru-Van and DTPA@SIO; D Ru-Van. Dynamic Light Scattenng measurements are per-
formed at 25 *C in MiliQ water and phosphate buffer solution (PBS, 0.1 M, pH 7.4), PDI = Polydispersity Index. Sze by TEM is determined based on

20 ranoparticle measurements

Mean sizeges/mm
In v Volu Numb PDI Mean size,,/nm S-PotentiallmVv
5i0; 2 Ru-Van Water 89 = 29 86 + 12 8422 o.16 85+3 16+2
PBS 98 = 29 82 +26 67 + 18 Q.15 18+ 6
DTPAGSIO; C Ru-Van Water 94 = 10 9215 89+ 14 0.24 87+ 4 20£3
PBS 113 =28 105 £ 25 ™+ 20 .21 4£5

£ 2023 The Author(s). Publshed by the Royal Scoety of Chamstry
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Fig.2 Characterisation and analysis of size and optical properties of hybrid particles with cargo agents Scanning Electron Microscopy (A and D)
and Transmission Electron Microscopy (B and E) images of hybrid particles SiO, D Ru-Van (A and B) and DTPA@SiO, D Ru-Van (D and E). Size
distributions are calculated based on 20 measurements and distribution is fitting according to a Gaussian distribution (C and F). Optical properties
of DTPA@SIO,DRu-Van and SiO, D Ru-Van confirming the presence of Van and Ru by solid state UV/vis spectroscopy (G) and solid-state

luminescence (H) of Van (Aexe = 270 nm) and Ru (Aexe = 450 nm).

blue from vancomycin and the red from the ruthenium agent
with the latter making them attractive for detection in bacterial
cells. To quantify the surface coating, we used the DTPA ligand's
property to bind to lanthanide ions to form 1:1 stable
complexes.?® By titration of a solution of Tb** to a solution of
DTPA@SiO, DRu-Van the luminescence signal of terbium was
increased, reaching a plateau. The coordination of terbium to
he DTPA moiety on DTPA@SiO, D> Ru-Van, forming a 1:1
complex with DTPA, led to replacement of water molecules in
the terbium coordination sphere which quench the terbium
signal, hence leading to a luminescence signal increase. From
the titration, the concentration of DTPA was correlated to the
nanoparticle concentration and it was estimated to be 0.53
mMEprpa/MEnp-

Loading of the agents in nanoparticles and antibiotic release

Loading of the agents in SiO, D Ru-Van were determined by (a)
thermogravimetric analysis (TGA) and (b) optical spectroscopy
of the remaining supernatant following centrifugation (Fig. 3).
TGA is a widely used technique for material characterization
and determination of the loading of drugs in silica nano-
particles, based on the continuous monitoring of sample's
weight loss upon heating at a defined rate under a controlled

Nanoscale Adv.

atmosphere. In the plain SiO, particles the first loss of weight of
15 pg/mgyp is observed at 150 °C and it is attributed to adsorbed
water as previously observed®* where the hybrid $iO, DRu-Van
particles showed a loss of weight from 200-900 °C of 58 g/
mgyp (Fig. 3A); in comparison, the $iO, DRu particles showed
a weight loss of 0.3% and SiO,DVan a loss of 8.9%, although
the latter did not show distinct steps as the other particles,
attributed to Van thermal degradation.

Interestingly, the TGA graphs of the particles coated with
DTPA, DTPA@SiO2 D Ru-Van, DTPA@SiO2 DRu and
DTPA@SiO, DVan were dominated by the degradation of the
DTPA with an estimated content of 0.55 mgprpa/mgnp (Fig. 3B)
in agreement with the independent optical analysis by coordi-
nation of Tb*" which was 0.53 mgprpa/Mgnp. For the control
nanoparticles, the DTPA content by TGA was calculated also to
be between 0.49 to 0.55 mgprpa/Mmgnp (ESIT). In order to define
the amount of Ru and Van separately in SiO,DRu-Van we
studied the luminescence signal of the supernatant Ru and Van
agents, following centrifugation after their preparation. It was
estimated that in SiO, D Ru-Van there were 5 pgg,/mgnp and 54
Hgvan/MgNp-

These were in good agreement with the overall agent content
determined by TGA (0.6 pgagend/mgnp)-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Quantification of included cargo by Thermal Gravimetric Analysis and optical spectroscopy studies showing cargo loading. TGA profiles
showing Ru and Van loading (A) and DTPA coating (B) in SiO, D Ru-Van and DTPA@SiO, D Ru-Van, respectively. Samples are heated from 30 °C
to 900 °C at 1 °C per min rate with a 10 min isothermal step at 100 °C to ensure water removal. All degradation curves are set at 100% for clarity.
Fluorescence monitoring of release of Van from hybrid DTPA@SiIO, D Ru-Van nanoparticles and cumulative release graph (C and D) at 37 °C,

150 rpm, in water (exe = 270 nm and Aem = 330 nm) (n = 3).

Release of the antibiotic Van from the hybrid nanoparticles
was monitored by fluorescence spectroscopy when the particle
dispersion was subjected to shaking (150 rpm) at 37 °C. It was
calculated that up to 3.3 & 0.5 pgyan/mgnp of the antibiotic can
be released from DTPA@SiO,DRu-Van with a continuous
cumulative release (Fig. 3C and D), up to 18 h, determined
based on calibration of Van's fluorescence signal upon exci-
tation at 270 nm. DTPA@SiO, D Van showed a cumulative
release of 3.8 + 0.3 pgyan/mgnp upon continuous shaking.
Minimal release of the antibiotic Van was observed under
static conditions (ESIt). Furthermore, the luminescent agent's
release Ru under shaking or static conditions led also to
minimal leakage.

Antibacterial activity

In order to assess the antibacterial properties of the designed
luminescent hybrid nanoparticles in the first instance, S. aureus
(ATTC23841) and E. coli (MG1665) were chosen as representa-
tive Gram-positive and Gram-negative bacterial species,
respectively. Gram-negative bacteria have a double membrane
structure that includes a rigid, impermeable outer membrane
making them intrinsically resistant to many antibiotics
including vancomycin. Gram-positive bacteria, however,
possess a much simpler single cell membrane through which
many more antibiotics can pass.**?*

© 2023 The Author(s). Published by the Royal Society of Chemistry

The antibacterial activity of all the nanoparticles and indi-
vidual agents was evaluated by measuring the Minimum
Inhibitory Concentration (MIC) in Lysogeny Broth (LB) with
mild shaking. MIC values were determined as the minimum
nanoparticle concentration (mg mL~') where no bacterial
growth was observed (Table 2).

Chelating nanoparticles with the cargos, DTPA@SiO, D Ru-
Van, displayed significantly increased antimicrobial activity
(decreased MIC values) in both S. aureus (MIC = 0.37 mg mL ™)
and E. coli (1.25 mg mL™") compared to SiO,DRu-Van sug-
gesting that these functionalised nanoparticles had increased
uptake into E. coli. It is worth noting that the estimated
concentration of the released antibiotic is only by
DTPA@SiO, DRu-Van, is in the pg ml™"' region (Table 2),
showing the efficiency of the delivery system. As expected, the
antibiotic Van only had antimicrobial activity against S. aureus,
(MIC = 1 pg mL™"), but not E. coli reflecting the intrinsic low
permeability of the Gram-negative outer membrane. Similarly,
the luminescent tracking agent, Ru, had moderate antimicro-
bial activity against S. aureus (MIC = 312 pg mL™ ", Table S57)
but not E. coli or the other Gram-negative species. The plain
Si0, nanoparticles were also not found with antibacterial
activity up to a concentration of 10 mg mL™" (Table S5t).
Inclusion of the cargos in the nanoparticles to give SiO, DRu-
Van, SiO, DRu or SiO, DVan, show only moderately increased
bacterial susceptibility, suggesting that encapsulating within
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Table 2 Minimal Inhibitory Concentrations (MIC, mg mL %) of Van, SiO,, DTPA@SIO,, SiO, DRu-Van and DTPA@SIO, DRu-Van for S. aureus
(ATTC23851), E. coli (MG1665), A. baumannii (ACO5), K. pneumoniae (A\TCC43816R), K. oxytoca (080-KPC CHD), C. feundii (NCTC9750) and S.
enterica (SL1344) determined by the 2-fold dilution method upon shaking at 150 rpm at 37 °C in LB media. Depicted results are based on three
biological replicas

E. coli A b ii K p i K. oxytoca  C. freundii  S. enterica  S. aureus
Chelating particles DTPA@SiO, DRu-Van ~ 1.25 (4.1)*  1.25 (4.1)" 0.75 (2.5) 1.25 (4.1)*  1.25 (4.1)*  0.75(2.5)"  0.37 (1.2)°
Plain antibiotic Van >0.25 >0.25 >0.25 >0.25 >0.25 >0.25 0.001
Non-chelating particles SiO, D Ru-Van 5.00 2.50 2.50 5.00 5.00 2.50 1.25
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¢ Estimated Van released based on release studies of DTPA@SiO, D Ru-Van in vitro (in pg mL7Y, + 16%).

the nanoparticle had not sufficiently increased penetration of
the antimicrobial agent. The particles with no cargo,
DTPA@SiO,, had no antimicrobial activity against E. coli.
Antimicrobial activity of antibiotic containing nanoparticles
was greater when particles were shaken compared with static
incubation which was in good agreement with the release
studies under static conditions (ESIt). A range of other clinically
relevant Gram-negative bacterial species were also analysed
(Table 2) to examine the effect of the aminocarboxylate coating.
The results show that functionalisation of nanoparticle surface
greatly increased susceptibility in all Gram-negative species
tested: A. baumannii (AC05), K. pneumoniae (ATCC43816R), K.
oxytoca (080-KPC CHD), C. feundii (NCTC9750) and S. enterica
(SL1344). In these Gram-negative bacterial species, the antibi-
otic had no effect if delivered without the nanoparticle system
even when delivered at concentrations of 0.25 mg mL™". Overall
DTPA@SiO, D Ru-Van shows greater antibacterial activity than
previously achieved with vancomycin encapsulated in porous
networks.> Moreover, all functionalised nanoparticles showed
low overall cytotoxicity against A549 lung cancer cells as
assessed by the MTT assay. Cell viability was above 85% at
concentrations used in MIC experiments and this was not
statistically significant as assessed by a 1-way ANOVA followed
by a post-hoc Tukey T-test (Fig. S127).

We attribute the activity of the hybrid nanoparticles
DTPA@SiO, D Ru-Van to the DTPA chelating ability against Ca>"
and Mg*'. It has been previously reported that poly-
aminocarboxylate chelators interact with bacterial membranes
and damage its structural stability by removing crucial Ca** and
Mg?" cations.””?® Recent simulation studies by L. A. Clifton
et al.” on the effect of ethylene diamino tetraacetic acid in
Gram-negative bacteria cell membrane revealed that cation
removal leads to an increasing presence of phospholipids in the
outer membrane structure, along with a decreasing concentra-
tion of lipopolysaccharides. Furthermore, the binding of
cations to bisamides of diethylene triamino pentaacetic acid is
known to be in the range of 10°-10°.* Isothermal titration
calorimetry (ITC) experiments allowed the evaluation of the
binding of DTPA@SiO,DRu-Van particles to Ca®>" which
showed a log K value of 7.5 £ 0.6 (ESIT), in good agreement with
reported values. The chelating effect of DTPA@SiO, O Ru-Van
was further confirmed by MIC studies of the particles
DTPA@SiO, DRu-Van in the presence of Ca®*. The chelated
particles (Ca**DTPA@SiO, D Ru-Van) showed a lower efficacy of
the nanoparticles with values similar to the uncoated SiO, D Ru-

Nanoscale Adv.

Van (Table S7t). These results confirmed the blocking the
chelating ability of the nanoparticles, did not lead to efficient
antibiotic delivery.

Imaging in bacterial cells

In order to confirm that increased antimicrobial activity of the
particles was due to increased penetration, luminescence
microscopy was used to monitor the uptake of the emissive
particles into bacterial cells based on the detection of the
ruthenium signal. The DTPA@SiO, O Ru-Van and SiO, D Ru-Van
were incubated with S. aureus or E. coli and images were
collected of the live bacteria cells (Fig. 4). Structural illumina-
tion microscopy images showed the uptake of the red lumi-
nescent particles by tracking the signal of the Ru encapsulated
cargo in spherical, S. aureus, and rod-shaped, E. coli., bacterial
cells co-stained with nucleic acid dye, Hoechst H33342. Inves-
tigation of the penetration of the particles into the bacteria was
studied by z-stack imaging. An intensity profile graph of the
ruthenium signal in comparison with Hoechst H33342 as
a bacterial cell stain indicated particle presence inside the
bacterial cells. S. aureus bacteria cells show particle uptake
based on the Ru luminescence signal for both DTPA uncoated-
and coated-particles, namely SiO,DRu-Van (ESIf) and
DTPA@SiO, DRu-Van (Fig. 4). This is expected due to their
simpler cell membrane which allows particle penetration. This
result is also in agreement with the MIC assays which show
activity of both set of particles.

However, E. coli bacterial cells, show that only the DTPA
coated particles, DTPA@SiO, D Ru-Van, were visualised inside
the stained cells, by monitoring of the ruthenium signal (Fig. 4).
Penetration was confirmed by z-stack 3D image reconstruction
of selected cells and orthogonal views (Fig. 4 and S8 and S97).
Absence of DTPA surface functionalization resulted in no
particle penetration in E. coli (Fig. $101). Quantification of the
proportion of bacterial cells with internalised DTPA@SiO, D Ru-
Van was performed by determining the colocalization of the red
luminescent particles and blue-stained bacterial cells using
Image] software based on previous methods.** This analysis
showed that un-coated/non-functionalised nanoparticles
(Si0,DRu-van) did not enter any E. coli cells while
DTPA@SiO, D Ru-Van were found in 45% of E. coli. Analysis of
the same live cell imaging of E. coli treated with DTPA@SiO,-
DRu-Van for 18 h (Fig. S111) show that nanoparticle penetra-
tion is increased to 70 £+ 7% of the bacteria cells. These
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Fig.4 Live bacteria cell imaging (n = 5) by structural illumination microscopy showing red luminescent particle uptake in S. aureus (A) and E. coli
(B). Overnight grown bacteria are treated with DTPA@SiIO, > Ru-Van (2.5 mg mL™?) for 2 h at 37 °C under mild shaking (150 rpm). Images show
each channel for the outline of bacteria cells (blue) and particle luminescence (red) as well as merged channels. 3-D reconstruction: image
sequence extracted from the z-stack of two cells in S. aureus (Al and A2) and in E. coli (B1 and B2) and orthogonal reconstruction S. aureus (C)
and E. coli (D) of central plane image (highlighted with dashed line) showing red luminescence from DTPA@SiO, D Ru-Van inside the cells. Red
channel, ruthenium emission (Jexc = 488 nm, Aem = 580-620 nm); blue channel, Hoechst H33342 emission (Aexc = 405 Nm, Aem = 410—455 nm).

conclusions are further supported by the JACoP analysis (Table bacteria cells which is increased after longer incubation time.
S6t) showing accuracy of the colocalization analysis between This supports the results of the higher antibacterial activity of
both channels, indicating presence of the particles within the DTPA@SiO, D Ru-Van which are used as vehicles to transport

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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Van across the Gram-negative bacterial membrane and release
the antibiotic inside the bacterial cells.

Conclusions

The dual encapsulation of a glycopeptide antibiotic and
a ruthenium complex was successful, allowing nanoparticles to
be tracked in the bacterial cells by the ruthenium-based red
signal. This nanoparticle platform was ideal for the modifica-
tion of the outer surface with a membrane permeating agent,
such as DTPA, which allowed the DTPA@SiO, O Ru-Van nano-
particles to be internalized in the Gram-negative bacterial
species and release a therapeutic agent, which was otherwise
not able to permeate Gram-negative bacterial cells. The
permeability of the nanoparticles is attributed to the chelating
properties of the aminocarboxylate surface group, DTPA, which
is known to bind to calcium and magnesium ions. These results
suggest that encapsulation of antibiotics into a nanoparticle
coated with chelating ligands shows strong potential for
increasing the spectrum of activity of existing or novel drugs
that are not able to permeate Gram-negative bacterial cells.
Indeed, DTPA@SiO,DRu-Van shows greater antibacterial
activity than any previously reported platforms for vancomycin
delivery. Our results represent a step forward against Gram-
negative bacterial infections to allow nanoparticle designs
with imaging and therapeutic agents to be internalized in cells,
overcoming membrane impermeability challenges and tracking
drug delivery in cells.
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3. IRON(llIl) AMINOCARBOXYLATE
DECORATED NANOPARTICLES FOR
ENHANCED NANOPARTICLE
UPTAKE IN GRAM-NEGATIVE

BACTERIAL CELLS

3.1.Introduction

3.1.1. Siderophore: Structure and biological importance
Among all metabolites that bacterial cells require, iron is one of the essential trace
metals for most organisms. Iron acts a global metabolic regulator for a wide range of
biological processes including DNA and adenosine triphosphate (ATP) biosynthesis,
electron transport and nitrite reduction in nitrogen cycle.'* Microorganisms like
bacteria need 10°-10" M of iron(lll) for their optimal growth. However, iron(lll)
solubility at physiological pH is around 10-'” M and most of it is converted into insoluble
oxyhydroxide species.* In order to access available iron, bacterial cells are able to
produce and secrete secondary metabolites with higher affinity for ferric cations called
siderophores (Figure 3.1). Siderophores are biosynthesised Fe(lll) chelators that are
classified based on the chelating units that they possess: catecholates, hydroxamates,

carboxylates or mixed siderophores (Figure 3.2).
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Figure 3.1. General scheme of Fe(lll) acquisition by bacterial cells through
siderophore-mediated Fe(lll) uptake.

Catecholate-based siderophores are only found in bacterial cells and ferric ions can
be chelated to these siderophores by dihydroxybenzoic acid chelating units. Most of
catecholate siderophores form hexadentate octahedral Fe(lll) complexes with high
chemical and pH stability with binding constant close to 10%? M-, at physiological pH,
in case of enterobactin.® Hydroxamate-based siderophores, on the contrary, are
composed by acetylated and hydroxylated alkylamines. These siderophores also form
octahedral Fe(lll) complexes with binding constants in the range of 10?2 — 1032 M-1.6
Finally, carboxylate-based siderophores facilitate iron acquisition via formation of
Fe(lll) octahedral complexes with carboxylate groups. Most carboxylate-based
siderophores are produced by Gram-positive bacteria and they possess binding
constants in the range of 10?4 — 108 M. Citrates are not considered siderophores but
Fe3*-citrate complexes (binding constants between 10" - 10'5 M-")8 are also employed
by bacterial cells for Fe(lll) acquisition, and many have specific membrane receptors

for recognition.
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Figure 3.2. Examples of (A) catechol-based, (B) hydroxamate-based (C) carboxylate-
based and (D) mixed siderophores with highlighted binding sites to Fe(lll).

3.1.2. Siderophore uptake systems
Once Fe3*-siderophore has been formed, the resulting complex is internalised into
bacterial cells through specific TonB-Dependant Transporters (TBDT), commonly
known as siderophore uptake systems.® TBDT are characterized by their stringent
siderophore selectivity and the number of siderophores that a bacterial species is able
to recognize is tightly correlated with the number of genes encodings the TBDTs.'°
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TBDTs consist of a 22-stranted antiparallel transmembrane B-barrel protein. Specific
residues and chiral centres in the inside of the surface receptor B-barrel confer them

with high siderophore-specificity.

After surface recognition, the Fe®**-siderophore complex is transported to the
cytoplasm. In case of Gram-positive bacteria, a set of permease proteins aid this
process."” In Gram-negative species, Fe3*-siderophore transport involves several
proteins that first, transport the complex to the periplasm, bound complex is then
transported through the periplasm, and finally internalised into the cytoplasm through
inner membrane permease complex.'> Pyoverdine is a peculiar case as the Fe3*
acquisition also involved another chelator in that scavenges Fe*' from the Fe3*'-
siderophore complex, FpvC. Then the formed Fe3**-FpvC complex is transported

through the FpvGHJK complex into the cytoplasm.’

Once internalised, Fe3®* is recovered from the Fe3*siderophore. In most of the cases,
Fe3* is reduced to Fe?* by an ATP binding cassette protein. Reduction of metal centre
decreases the affinity with the siderophore, releasing Fe?* to the cytoplasm. Fe?* is
then oxidised back to Fe3*. Fe3*is then employed in different metabolic processes or
storaged in ferritins, haem-containing bacterioferritins and the Dps proteins.™
Resulting free siderophore is degraded or reused and secreted back to the medium

(Figure 3.3)."°
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Figure 3.3. Schematic representation of bacterial siderophore-mediated iron uptake
in (A) Gram-negative and (B) Gram-positive bacteria. Periplasmic binding protein
(PBP). Reproduced from Y. Seyoum et al. 15

3.1.3. Siderophore-antibiotic conjugates
Due to the ability of bacterial cells to uptake Fe3*-siderophore complexes, and inspired
by the natural occurring albomycin siderophores (Figure 3.5A), new approaches to
design antibacterial therapies based on siderophores have been developed.
Albomycins are natural occurring antibacterial compounds that bear a hydroxamate-
based siderophore that can be uptaken up by the Fhu system and inhibit seryl-tRNA
synthetase.'®'” The principle of the strategy relies on the increase of uptake of the
siderophore-antibiotic conjugate (SAC) compared with the free antibiotic; as the
conjugation to the siderophore does not alter the mechanism of action of the antibiotic

(Figure 3.4).
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The first developed SACs were designed by chemical modification of simple
antibiotics such us B-lactam or fluoroquinolones with iron chelating moieties
(dihydroxybenzoic acid or hydroxamate derivatives) (Figure 3.5B)."® Reported SACs
were able to interact with non-specific siderophore receptors and were internalised
into cell’s cytoplasm. Later approaches showcased the possibility to conjugate

antibiotics to natural siderophores such us enterobactin®® (Figure 3.5C) or
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deferroxamine?'. The design of these SACs is more challenging due to the complex
structure of natural siderophores and most of the times they need multistep synthetic
routes to achieve them. Finally, in recent years, researchers have managed to design
synthetic siderophores and their corresponding SACs as seen in Figure 3.5D which
depicts amoxicillin conjugation to a MCAM-based siderophore (MECAM = 1,3,5-
Tris(2,3-dihydroxybenzamidomethyl) benzene).?? The only FDA approved SAC, to this
date, has been cefiderocol (Figure 3.5B) which has been applied to treat resistant UTI
infection and a wide range of aerobic bacterial species. Nevertheless, its safety during

pregnancy is still under investigation.?
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Figure 3.5. Chemical structures of (A) albomycin and (B-D) representative SAC
compounds. Conjugated antibiotic is highlighted in pink. Structures can be reproduced
from references 16-22.

A very important aspect in the design of SACs is the linker between the antibiotic and
the siderophore. Covalent modification of antibiotics may affect their activity.?42°
Modification of structurally crucial groups in antibiotics may result in decreased

interaction with the target structure, reducing their activity. Hence, precise
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functionalization of antibiotics is crucial to remain their activity. Furthermore,
enzyme?%-26 cleavable linkers have been also developed for antibiotic release once the

SAC arrives to the cytoplasm.

Beside antibiotics, other bioactive molecules such us antimicrobial peptides?’, imaging
agents?®-30 (fluorophores or MRI agents) or metal complexes®' have been conjugated
to natural and synthetic siderophores, enhancing their uptake and hence, improving

their performance.

3.1.4. Siderophore-coated silica nanoparticles
The conjugation of siderophores on silica nanoparticle’s surface is very limited in the
literature. Due to the complex structure of siderophores, the selective conjugation onto
silica nanoparticle’s surface can be very challenging. Thereby, the few examples in
the literature are limited to the conjugation of linear siderophores with a terminal amine
group.3?33 To our knowledge, deferoxamine is the most common siderophore that has
been covalently conjugated to silica nanoparticles.33-3° Resulting nanoparticles have
been employed for metal recovery from different media3*3¢37 or for bacteria
detection32. Deferoxamine-coated SiO2*¢ and silica-coated iron oxide nanoparticles
(SiO2@Fe304)%? nanoparticles have been reported as excellent materials for removal
of metal ions from water or biological media. Moreover, due to their higher affinity and
selectivity for iron over other (lIl) or (IV) metals, produced nanoparticles have been
employed for quantification of Fe(lll) in biological media.333% Finally, Fe3'-
deferoxamine has been conjugated to SiO@Fe30s nanoparticles for bacterial
detection.3* Siderophore-coated SiO.@Fe304 nanoparticles incubated with unknown

samples to achieve nanoparticle attachment to bacterial cells. Nanoparticles were then
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magnetically recovered, attached bacterial cells grown and identified by genomic
procedures. Nevertheless, other nanoparticles, such as magnetic nanoparticles
(Fe304)%8 or gold nanoparticles®® have been also reported for metal cation (Fe®*, Co®*,

Cr3*and Ln3*, Ln: Lanthanide) removal or sensing applications.

To our knowledge, there are no examples in the literature of siderophore-conjugated

nanoparticles for antibiotic delivery into bacterial cells.

3.1.5. Chapter Outline
In the current chapter the ability of Fe®" chelation in previously reported
aminocarboxylate-coated nonporous hybrid silica nanoparticles’
(Fe**DTPA@SiO2oRu-Van) cell internalization is explored. We explored the
antimicrobial activity of the hybrid nanoparticles and we investigated the effect of
siderophore-receptor overexpression in the activity of the nanoparticles. Moreover,
microscopy techniques were employed to study cell-nanoparticle interactions.
Furthermore, the capacity of bis-amide Fe**DTPA complex to be recognized by
siderophore-uptake systems was further evidence through the design of a DTPA-
based SAC containing amoxicillin (DTPA-Amoxz). Hereby, the presented new coating
represents a step forward towards the development of bioinspired nanomaterials for

antibiotic delivery.
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Figure 3.6. Schematic representation of developed Fe3*DTPA@SiO.o>Ru-Van and
internalization into bacterial cells through siderophore-uptake systems.

3.2.Results and discussion
3.2.1. Synthesis of Fe**DTPA@SiO>oRu-Van
For the synthesis of Fe**DTPA@SiO.oRu-Van nanoparticles, the coating procedure
reported in Chapter 2 was modified. Previously, DTPA-Si2 was conjugated onto the
nanoparticle surface, leading to DTPA@SiO22Ru-Van, under heating in anhydrous
toluene. If Fe(lll) was to be titrated to) to DTPA@SiO2>Ru-Van in the pH range where
DTPA is deprotonated, it could lead to Fe**DTPA@SiO,o>Ru-Van nanoparticles.
Nevertheless, this approach would not ensure that all DTPA sites would be chelated
to Fe(lll) and that free Fe(lll) would not be interecting with the hydroxyl groups of the
silica surface. Therefore, we decided to in situ synthetize the Fe3*DTPA-Si> complex

and functionalise SiO2>Ru-Van nanoparticles with it (Figure 3.7 and Figure 3.8).

3.2.1.1. Synthesis and characterization of Fe3*DTPA-Si;
We firstly synthesised the Fe3*DTPA-Si> complex in situ based on previously reported
methodologies by our group (Figure 3.7A). Briefly, DTPA-Si2 precursors, DTPA-A and
APTES were combined in anhydrous pyridine with N, N-diisopropylethylamine (DIPEA)
as base and 4-dimethylaminopyridine (DMAP) as catalyst. The solution was stirred at

room temperature overnight and an equimolar amount of anhydrous FeClz was added
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to the solution. The formed yellow solution was stirred at room temperature. The

formed Fe3*DTPA-Si, complex was isolated as a yellow powder.
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Figure 3.7. (A)Synthesis scheme of Fe**DTPA-Si> complex. (B) (-)ESI-MS (top)
experimental and (bottom) theoretical spectra of Fe3*DTPA-Si.. (C) Isothermal
Titration Calorimetry (ITC) and fitted data of Fe3*DTPA-Buain PBS buffer (0.1 M, pH
7.4).

The isolated complex was characterised by (-)ESI-MS which showed a peak m/z of

851.3115 assigned to [Fe**DTPA-Si; -H] (calculated m/z = 851.3104) (Figure 3.S1).

Furthermore, the affinity between the DTPA bis-amide chelator and Fe(lll) was studied
by ITC. Due to the lack of solubility of DTPA-Si2, the water soluble butylamine-modified
DTPA bisamide analogue (DTPA-Buaz) was employed (Full characterization in Figure
3.S2-S6). Upon titration of a PBS buffer (0.1 M, pH 7.4) solution of Fe(lll) to a solution
of DTPA-Bua: in the same buffer a logK value of 14.8 + 1.4 was estimated for a 1:1

stoichiometry (Figure 3.7C). The value is in good agreement with previously reported
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affinity constant between DTPA bi-amide derivatives with trivalent cations (10"'-

1015).40

3.2.1.2. Coating of SiO2>Ru-Van with Fe**DTPA-Si.
Uncoated hybrid (SiO22Ru-Van) and control (SiO2, SiO2DRu and SiO2>Van)
particles were synthetized and characterized as previously reported.#’ Coating of
hybrid nanoparticles, to achieve Fe3*DTPA@SiO.oRu-Van, was performed in
anhydrous pyridine (Figure 3.8), at room temperature, to avoid any leakage of chelated
Fe(lll) upon heating. Due to the milder conditions employed, a 3:1 mass ratio of

Fe3*DTPA-Si»:SiO2oRu-Van was used.

Control particles bearing only one cargo (SiO22Ru and SiO2>Van) or no cargo (SiO2)
were coating following the same methodology to achieve Fe3*DTPA@SiO2oRu,

Fe3*DTPA@SiO2,oVan and Fe**DTPA@SiO., respectively.

Ru Van

0\ /O

Fe**DTPA-Si,

Anhydrous pyridine,
18 h, rt

SiO,oRu-Van

g\ :

Fe**DTPA@SiO,oRu-Van

Figure 3.8. Scheme of SiO;>Ru-Van coating with Fe3*DTPA-Si;
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3.2.2. Characterization of Fe**DTPA@SiO2oRu-Van

3.2.2.1. Size and composition of Fe3*DTPA@SiO2oRu-Van
Coated nanoparticles were characterized by a series of surface analysis and
spectroscopy techniques to confirm the presence of the Fe3*DTPA coating. Firstly,
coated nanoparticles were analysed by Dynamic Light Scattering (DLS) (Figure 3.9A,
Table 3.9X) and {-potential measurements (Figure 3.9B) in PBS buffer (0.1 M, pH 7.4).
DLS of Fe**DTPA@SiO:oRu-Van particles revealed a slight increase in the
hydrodynamic size by number from 90 £ 5 nm (PDI = 0.19) to 95 + 9 nm (PDI = 0.21).
An increase in the {-potential of Fe3*DTPA@SiO2>Ru-Van nanoparticles, compared
with SiO2>Ru-Van particles, also confirmed the successful coated on nanoparticles.
While SiO22Ru-Van particles displayed a surface charge of -28 + 5 mV, upon coating
the surface charge decreased up to -14 £ 4 mV due to the neutral charge of the
Fe3*DTPA-Si> complex. Transmission Electron Microscopy (TEM) images (Figure
3.9C) showed no significant change in nanoparticle size before (85 £ 3 nm, n = 50)

and after coating (86 £ 5 nm, n = 50).

FT-IR spectroscopy (Figure 3.9D) further confirmed the presence of the coating as
stretching assigned to N-H (3050 cm™" and 870 cm"), C-H (2690 cm"), C=0 (1633 cm-
) and C-N (1580 cm™) bonds from the DTPA complex were observed in coated
particles (Figure 3.9D). Similarly, MALDI-ToF mass spectrometry analysis (Figure
3.9F) of Fe**DTPA@SiO2oRu-Van samples revealed peaks assigned to Fe**DTPA

species after coating.
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Figure 3.9. Characterization of Fe**DTPA@SiO2oRu-Van. (A) Dynamic Light
scattering and (B) C(-potential measurements of SiO2oDRu-Van (purple) and
Fel*DTPA@SiO2oRu-Van (red) particles in PBS buffer (0.1 M, pH 7.4). (C)
Transmission Electron Microscopy (TEM) micrograph of Fe3*DTPA@SiO2oRu-Van
(scale bar = 200 nm) and particle size distribution (n = 50). Solid-state (D) FT-IR and
(E) luminescence spectroscopy of SiO2oRu-Van (purple) and Fe3*DTPA@SiO2oRu-
Van (red) particles. (F) (+)MALDI-ToF mass spectrometry (positive mode) of
Si02oRu-Van before and after coating, peaks assigned to Fe3*DTPA-coating are
indicated with *. a-Cyano-4-hydroxycinnamic acid (CHCA) was employed as MADI-
ToF matrix. (G) Representative Scanning electron Microscopy (SEM) and Energy
Disperse X-Ray Scattering (EDS) and elemental quantification of Pt-coated
Fel*DTPA@SiO2oRu-Van.

Energy-Dispersed Spectroscopy (EDS) also confirmed the presence of the complex

on nanoparticles surface as Fe Ko and La energies at 0.705 and 6.398 were observed
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in coated nanoparticles whole Fe signal was not detected before coating (Figure

3.810).

The emissive properties of Fe3*DTPA@SiO2oRu-Van were investigated in the solid
state. Upon excitation at 450 nm, the characteristic Ru broad red luminescence signal
with emission maximum at 595 nm was recoded, which was 18 nm blue shifted
compared with SiO2D>Ru-Van nanoparticles (Amax = 613 nm). Similarly, Van’s emission
from hybrid nanoparticles shifted a 5 nm upon coating (Aexc = 270 nm). Observed
shifts further evidenced the successful coating of the nanoparticles, as previously
reported DTPA@SiO2oRu-Van nanoparticles.*! Finally, as observed upon DTPA-
coating, a lengthening of Ru’s lifetimes (Aexc = 455 nm, Aem = 600 Nm) was observed
to 2.52 us (85 %) and 0.27 us (15 %) from 1.69 us (90 %) and 0.33 us (10 %) before
coating (Figure S13). Similar lengthening was observed for DTPA@SiO2>Ru-Van
nanoparticles upon coating, which suggest that the presence of Fe3* on the coating
does not quench the emissive properties of Ru, which would be due to the distance

between he coated and included Ru molecules.

Successful coating for control particles (Fe**DTPA@SiO2oRu,
Fe3*DTPA@SiO2oVan and Fe**DTPA@SiO;,) was also confirmed by the same set
of characterization techniques and all data can be found in the appendix (Figure 3. S8-

S13 and Table 3.S1-S3)

3.2.2.2. Quantification of Fe**DTPA coating
Thermogravimetric analysis (TGA) was employed as quantification method for the
quantification of conjugated Fe3*DTPA-coating (Figure 3.10) in

Fe3*DTPA@SiO2.oRu-Van nanoparticles. TGA profile of coated nanoparticles
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exhibited a greater weight loss compared with uncoated nanoparticles with main
thermal degradation steps at 350 °C and 800 °C. Similarly, Fe3**DTPA-Si. exhibited
thermal degradation steps at 250 °C, 350 °C and 800 °C. A total weight loss of 41 %
was calculated between coated and uncoated SiO2>Ru-Van nanoparticles, which
was estimated in a coating of 57 mgreptra/gnps (0.12 mmolreptra/gnes). Due to the high
coating content compared with the cargo, the degradation profile was dominated by
the coating degradation and we could not distinguish cargo thermal degradation.
Moreover, DTPA-coated nanoparticles’ coating was previously estimated to be 54
mgptra/gnes (0.13 mmolotra/gnes). Thereby, both sets of particles presented a very

similar coating degree.
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Figure 3.10. Thermogravimetric analysis (TGA) of SiO;o>Ru-Van, Fe**DTPA-Si; and
Fe3*DTPA@SiO2oRu-Van. Samples were dried for 1 h at 120 °C before the analysis.
Samples were heating at 5 °C/min under nitrogen atmosphere.

Control Fe3*DTPA-coated nanoparticles (Fe**DTPA@SiO2oRu,
Fe3*DTPA@SiO2;oVan and Fe¥*DTPA@SiO2,) TGA estimated similar amount of

coatings between 0.53 mgrepTtra/gnes and 0.59 mgreptra/gnes (Figure 3.514 and Table
3.54).

151
Asier Rodriguez Muguruza — December 2023



3.2.3. Release studies
Release of Van from coated Fe**DTPA@SiO.o>Ru-Van was investigated. Particles
were subjected to mild stirring conditions at 150 rpm at 37°C to mimic the bacteria
incubation conditions. Release of Van was quantified by monitoring Van’s
fluorescence (Figure 3.11A-11B). Particles displayed a cumulative Van release up to
3.2 £ 0.6 ng/mgnps after 18 h of stirring. Furthermore, particle also showcased a
triggered released as only of 0.8 + 0.3 ug/mgnes Van release was observed if particles
were not stirred at 37°C (Figure 3.11C). Furthermore, Fe**DTPA@SiO2>Van also
displayed a cumulative release upon stirring with maximum release after 18 h of 3.6 +
0.3 ng/mgnps (Figure 3.515). Under stirring conditions Ru’s leakage is minimal (Figure

3.S16) for any Ru-containing coated nanoparticles.

Fe3*DTPA@SiO2oRu-Van nanoparticles’ release is comparable to previously
reported DTPA@SiO2oRu-Van, which released 3.3 £ 0.5 ug/mgnes after 18 h of
stirring at 150 rpm and 37 °C. Suggesting that the presence of Fe3* does not altered

the release abilities of the nanoparticles.
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Figure 3.11. Van release studied from Fe3*DTPA@SiO2oRu-Van. (A) Representative
fluorescence monitoring release of Van (lexc = 270 nm, Lem = 330 nm) at 37 °C and
150 rpm and (B) cumulative Van release graph (n = 3). (C) Comparative Van release
after 18 h at 37 °C upon static conditions or stirring at 150 rpm (n = 3).
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3.2.4. Biocompatibility of Fe3*DTPA@SiO2oRu-Van
Cytotoxicity of designed Fe3*DTPA-coated nanoparticles was assessed with MTT
assays (Figure 3.12) as previously reported for uncoated and DTPA@SiO2>Ru-Van
nanoparticles. A549 lung cancer cell line was chosen as the model cell line. Obtained
results revealed no significant toxicity of Fe>*DTPA@SiO2 nanoparticles up to 10
mg/mL. Presence of both cargos resulted in cell toxicity in concentration higher than
5.00 mg/mL. Control particle Fe**DTPA@SiO2>Ru did not show any toxicity even up
to 10 mg/mL and control Fe**DTPA@SiO2>Van only displayed significant cytotoxicity

in concentrations of 5.00 mg/mL and higher (Figure 3.519).
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Figure 3.12. MTT cell viability assays of A549 cell line incubated with (A)
Fe**DTPA@SiO: and (B) Fe**DTPA@SiO>oRu-Van nanoparticles for 18 h. (Average
+ SD, n = 3). Significance was calculated based on 1-way ANOVA followed by
Dunnett’s t-test corrected for multiple comparisons, ns = no significance * = p<0.05, **
p<0.01 and *** p <0.0001.
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3.3. Antibacterial activity of Fe3*DTPA@SiO2oRu-Van
3.3.1. Antimicrobial activity determination of Fe**DTPA@SiO2;oRu-Van

3.3.1.1. Minimal Inhibitory Concentration (MIC) determination
The antibacterial activity of Fe3**DTPA-coated nanoparticles was measured by
determining their Minimal Inhibitory Concentration (MIC) against a Gram-positive
representative, S. aureus (ATCC23851), and a library of Gram-negative bacterial
species (Table 3.5). The activity with uncoated and DTPA-coated nanoparticles was

compared.

As previously mentioned in Chapter 2, Van is not active against investigated Gram-
negative bacterial species due to outer membrane impermeability. Similarly, SiO2
nanoparticles do not show any antibacterial ability in concentration up to 10 mg/mL,
which slightly increased upon DTPA coating in case of S. aureus (2.50 mg/mL) due to
its simpler cell membrane. Nevertheless, no increase in activity was observed in case
of Gram-negative species. Interestingly, upon coating with the Fe(lll) complex, the
antibacterial activity of Fe**DTPA@SiO: increased compared with DTPA@SiO: in all
studied species. An MIC of 1.25 mg/mL was determined for S. aureus, while a MIC of
2.50 mg/mL was observed in case of DTPA-coated nanoparticles. However, the
biggest increase in antibacterial activity was observed for Gram-negative bacterial
species. Upon Fe(lll) chelation, MIC values of Fe**DTPA@SiO. decreased to 2.50
mg/mL for Gram-negative bacterial species. The activity of these nanoparticles,
despite not bearing any antimicrobial compound, may be attributed to physical
disruption of bacterial membrane upon increased nanoparticle-cell interactions, as
previously shown for silica nanoparticle after surface functionalization.*3#* Moreover,

the Fe3*DTPA-Buaz complex, analogue of Fe3*DTPA-Siz with higher water solubility,
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did not show any significant antibacterial activity up to concentrations of 20 mg/mL in

Gram-negative species and a MIC of 1.25 mg/mL for S. aureus (Table 3.S1).

Subsequently, the activity of Fe3*DTPA@SiO2oRu-Van was investigated. Uncoated
hybrid nanoparticles, SiO2oRu-Van, as previously mentioned, only displayed
moderate antibacterial activity against studied bacterial species, with MIC values
between 5.00 mg/mL and 2.50 mg/mL for Gram-negative species and a MIC of
1.25 mg/mL for S. aureus (Table 2.2). Protection of membrane divalent cations by
lipid-A aminoarabinosylation could be attributed to the lower activity of DTPA-coated

nanoparticles, as previously reported.4—47

Fe3*DTPA@SiO2oRu-Van nanoparticles displayed an increased activity compared
with DTPA@SiO2oRu-Van in all studied bacterial species. MIC values between 1.6
mg/mL and 0.40 mg/mL were determined for Gram-negative bacterial species while a
MIC value of 0.20 mg/mL was determined for S. aureus. While the increase in the
antibacterial activity of novel Fe3*DTPA-coated nanoparticles is very significant, it is
more remarkable the low MIC values (1.6 mg/mL and 0.40 mg/mL) determined for P.

aeruginosa and B. cenocepacia.

These results indicate that the presence of the metal cation chelated to the surface
aminocarboxylate moieties enhances the activity of the particles, and furthermore,
may represent a novel strategy to enhance the activity of nanoparticles even in those
cases where the precious coating did not have significant antibacterial activity. The
Fe3*DTPA-coated control particles, containing only one cargo, also displayed greater
antibacterial activity that those coated with the free DTPA as summarized in (Table

3.81)
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Furthermore, and more interestingly, we were able to estimate the concentration of
released Van, based on in vitro experiments. Estimated concentration of Van for
Fe3*DTPA@SiO2oRu-Van were between 5.0 and 0.6 ug/mL (+ 12 % SD), showing a

significant reduction of required Van compared with DTPA-coated nanoparticles.
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Table 3.1. Minimal inhibitory concentration (MIC, mg/mL) of Vancomycin HCI (Van)
and nanoparticles with different surface functionalizations for S. aureus (ATCC23851),
E. coli (MG1655), A. baumannii (AYE), K. pneumoniae (ATCC43816R), K. oxytoca
(080-KPC CHD), C. feundii (NCTC9750), S. enterica (SL1344), P. aeruginosa (PA14)

and B. cenocepacia (K57-2, CF isolate) upon shaking at 150 rpm at 37 °C in LB
media. Depicted results are based on 3 biological replicas. * Estimated in vitro Van
release in pug/mL (£ 16 % for DTPA@SiO2oRu-Van and + 12 % for
Fe3*DTPA@SiO2oRu-Van).
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Furthermore, synergy between the water soluble DTPA-Si2 analogue (DTPA-Buaz)
and Van and between Fe3*DTPA-Buaz and Van was explored using checkerboard
MIC assays (Figure 3.S20) for S. aureus, E. coli and P. aeruginosa. Synergy was only
observed between DTPA-Buaz and Van for S. aureus and E. coli, as previous reported
between aminocarboxylates and antibiotics for these species.*®4° We were not able
to determine a MIC value of DTPA-Buaz and Fe**DTPA-Bua; for P. aeruginosa before
reaching their limit of solubility (20 mg/mL). Therefore, we could not investigate their

synergy through MIC checkerboard MIC assays.

3.3.1.2. Effect of medium Fe(lll) concentration in nanoparticles
antibacterial activity

In order to explore the mechanism of action of novel Fe3*DTPA-coated nanoparticles,
and the potential interactions with membrane siderophore receptors, we decided to
follow strategies previously employed with molecular SACs.?"?7:3! These strategies
rely on the antibacterial activity of SAC’s upon siderophore receptor overexpression,
achieved by decreasing Fe(lll) availability.>° In reduced Fe(lll) media, bacterial cells
overexpress siderophore uptake systems in order to maximize Fe(lll) uptake.? If these
receptors are involved in the mechanism of action of the SAC, or nanoparticles in this
case, overexpression of membrane receptor would result in higher conjugate-receptor

interaction, and hence, higher antibacterial activity.

We selected S. aureus as a Gram-positive representative and E. coli and P.
aeruginosa as Gram-negative representatives, as P. aeruginosa displays lipid-A
aminoarabinosylation while E. coli does not. We first explored the viability of selected

species under reduced Fe(lll) conditions using MOPS minimal media with different
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Fe(lll) concentrations (10 uM — 20 nM). An initial concentration of 10 uM (standard
Fe(lll) concentration in MOPS media) was first employed to ensure growth of cells.
Then, Fe(lll) concentration was decreased and bacterial growth monitored by
measuring the optical density at a wavelength of 600 nm. For S. aureus, as Fe(lll)
concentration was reduced to 1.8 uM, a significant growth decrease was observed
(Figure 3.13). In concentrations lower than 1.8 uM, S. aureus growth was not
observed; highlighting its Fe(lll) dependency. However, at 1.8 uM no significant
change in growth was observed for E. coli and only a small decrease for P. aeruginosa.
The ability of these species to overcome nutrients limitation is well described and this

is mediated by siderophore uptake system overexpression.>!:52

Thereby, Fe(lll) concentration was decreased to 20 nM which is, a clinically relevant
Fe(lll) concentration, as it is the Fe(lll) concentration found in infection areas in human
bodies, as a result of the human immune system scavenging essential nutrients from
bacteria.>® It was, interestingly, at this concentration when a significant reduction in

bacterial growth was observed (Figure 3.13).
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Figure 3.13. Fe(lll) growth dependency of (A) S. aureus (ATCC23851), (B) E. coli
(MG1655) and (C) P. aeruginosa (PA14). Overnight inocula in MOPS with [Fe(lll)] =
10 uM were centrifuged, washed with PBS buffer (0.1 M, pH 7.4) and 1:100 dilutions
in reduced Fe(lll) media growth was monitored by OD600 measurements. Depicted
values represent the average + SD based on 3 biological replicates.
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Based on these results, the activity of DTPA@SiO2oRu-Van and
Fe3*DTPA@SiO2oRu-Van nanoparticles was investigated in the different Fe(lll)
concentration MOPS media. As bacterial growth is dependent on the media Fe(lll)

concentration, instead of MIC determination, time-killing assays were employed.

For the experiment, bacterial cultures were incubated at 37 °C overnight in 10 uM
Fe(lll) MOPS media to ensure maximum growth. Cultures were then centrifuged, the
pellet washed twice with PBS buffer (0.1 M, pH 7.4), to ensure removal of any Fe(lll)
trace, and diluted in MOPS media with different Fe(lll) concentrations with a final
OD600 of 0.01. These cultures were incubated for 2 h at 37 °C to ensure
overexpression of siderophore receptors. Then, cultures were centrifuged, washed
with PBS and, finally, redispersed in clean PBS buffer with MIC nanoparticle
concentrations. During the experiments the suspensions were incubated at 37 °C with
shaking (150 rpm) and an aliquot was taken at different time points, diluted, plated
onto LB agar to enumerate, and incubated overnight at 37 °C for CFU/mL

determination.

Time killing assays with bacterial cells in presence of DTPA@SiO2>Ru-Van (Figure
3.14) showed no significant change in the antibacterial activity of the nanoparticles in
reduced Fe(lll) conditions, suggesting that Fe(lll) acquisition systems are not involved
in their mechanism of action. However, a clear dependency between the antibacterial
activity of Fe¥*DTPA@SiO2oRu-Van nanoparticles and the media Fe(lll)
concentration was observed. Upon reduction of Fe(lll) in media, an increase in the

activity of nanoparticles was observed (Figure 3.14).
Furthermore, we estimated the time required to half the initial bacterial viability

(CFU/mL) in presence of nanoparticles (Figure 3.14D-14F). No change was observed
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for DTPA-coated nanoparticles, while the time required to half the initial CFU/mL in
presence of Fe3*DTPA-coated nanoparticles decreased upon siderophore receptor

overexpression.

These results suggest that the Fe(lll) acquisition systems play an important role in the

mechanism of action of Fe3*DTPA@SiO.>Ru-Van nanoparticles.
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Figure 3.14. Effect of media Fe(lll) concentrations in the antibacterial activity of DTPA-
and Fe**DTPA- coated hybrid nanoparticles. (A-C) Time-killing assay and (D-F)
required time to reduce the initial bacteria CFU to half in presence of coated
nanoparticles in PBS buffer (0.1 M, pH 7.4). Cells were incubated in different Fe(lll)
concentration MOPS media for (A, D) S. aureus (ATCC23581), (B, E) E. coli (MG1655)
and (C, F) P. aeruginosa (PA14). n = 3.
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3.3.2. Identification of siderophore uptake systems involved in the
uptake of Fe3*DTPA@SiO2oRu-Van
Previous experiments demonstrated the implication of siderophore uptake systems in
the activity of Fe**DTPA@SiO.>Ru-Van nanoparticles. Bacterial cells do not only
express one iron uptake system, but a plethora of different systems. Receptors are
substrate specific, and hence, the uptake of each siderophores is regulated by specific
receptors.®® To identify which of the different uptake systems was involved in the
nanoparticle’s activity we measured nanoparticle activity against bacterial mutants
with a single outer membrane siderophore receptor inactivated at a time. The mutants

used in this study are summarised in Table 3.2.
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Table 3.2. List of bacteria mutants in this study and siderophore and siderophore type
that knocked out membrane receptors recognised. S. aureus mutants were kindly
given by Dr. Andrew Edwards (Imperial College London), E. coli mutants by Prof. Mark
Webber (Quadram Institute) and P. aeruginosa by Dr. Enea Sancho-Vaello and Prof.
Marc Torrent Burgas (Autonomous University of Barcelona).

S. aureus
Strain Genotype  Siderophore type Siderophore
ATCC23851 WT
SAUSA300_0117°*  AsirA% Carboxylate Staphyloferrin A
SAUSA300 0718%  AfecA®® Carboxylate Citrate
SAUSA300 _0720%  AfhuA5® Hydroxamate Ferrichrome B
E. coli
Strain>°® Genotype Siderophore type Siderophore
MG1655 wTt
ECK4281 AfecA®? Carboxylate Citrate
ECKO0576 AfepA® Catecholate Enterobactin
ECKO0149 AfhuA®2 Hydroxamate Ferrichrome B
P. aeruginosa
Strain®? Genotype Siderophore type Siderophore
PAO1 wT
PA4221 AfptA®4 Mixed Pyocheline
PA2398 AfpvA®® Mixed Pyoverdine
PA4168 AfpvB®® Mixed Pyoverdine
PA2466 AfoxA®” Hydroxamate Ferrioxamine B
PA0470 AfiuA3° Hydroxamate Ferrichrome
PA3901 AfecA®® Carboxylate Citrate
PA2688 AfepA8d Catecholate Enterobactin
PA0931 ApirA7° Catecholate Enterobactin

Bacterial strains were incubated in PBS (0.1 M, pH 7.4) with DTPA- or Fe3*DTPA-
coated hybrid nanoparticles (MIC concentration of WT strains) for 2 h and the viability
checked by enumerating CFU/mL. Moreover, the strains were incubated at standard

(10 uM) or reduced (1.8 uM or 20 nM) Fe(lll) concentration MOPS before the
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experiment to overexpress the siderophore uptake systems. If a receptor is involved
in the mechanism of action of the nanoparticles, inactivation or deletion of the receptor
would decrease the activity of the nanoparticle, and this would be more prominet under

low Fe(lll) concentrations.?

For S. aureus, we explored three siderophore uptake systems: citrate (carboxylate),
staphyloferrin A (carboxylate) and ferrichrome (hydroxamate) siderophore receptors
(Figure 3.15).5¢ Upon inactivation or deletion of individual receptors, we observed no
change in DTPA-coated nanoparticles activity. An increase in nanoparticle’s activity
was observed upon Fe3*DTPA-coating; which further decreased upon receptor
overexpression. Nevertheless, in case of studied mutants (4sirA, AfecA and AfhuA),
this effect was not observed. Fe3>*DTPA-coating did not have a significant effect in the
viability of 4sirA and AfhuA strains. AfecA showed a decreased in viability upon
incubation with Fe3*DTPA-coated nanoparticles compared with DTPA-coated ones,
but not further decrease upon iron limitation (receptor overexpression). These results
suggest that SirABC and FhuABC uptake systems are involved in the mechanism of

action of Fe3*DTPA@SiO;>Ru-Van.
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Figure 3.15. CFU counting of S. aureus wild type and mutants after incubation with
particles at MIC concentration for 2 h in PBS after been incubated in MOPS media
with different Fe(lll) concentrations for 2 h. Depicted values represent the average *
SD based on 3 biological replicates. Statistical analysis performed by t-test; ns = p >
0.05,* =p<0.05, **=p<0.01, ** =p <0.001.

For E. coli, three uptake systems were explored: those specific for citrate (AfecA®°),
enterobactin  (Ent, A4fepA®') and ferrochrome (4AfhuA®?) siderophores as
representatives of all types of siderophore structures. DTPA-coated nanoparticles did
not affect significant activity (Figure 3.16). However, Fe3*DTPA@SiO;>Ru-Van
showed a increase in activity against the WT strain, which further increased upon
incubation in reduced Fe(lll) media prior the experiment, was observed. Inactivation
of fepA receptor did not impact the activity of the Fe>*DTPA-coated particles. FepA is
the outer membrane receptor for [Fe**Ent]*" siderophore complex.”” The native
siderophore is a negatively charged specie, while Fe3*DTPA is a neutral complex,
which could explain why FepA might not recognize the nanoparticle coating.
Furthermore, Ent is a catecholate-based siderophore whose geometry and size differ
significantly from the Fe3*DTPA complex.
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Nevertheless, AfecA and AfhuiA strains showed no significant viability decrease upon
incubation with Fe3*DTPA@SiO2oRu-Van. This suggest that the siderophore-uptake

pathways that contains the membrane receptors FecA and FhuA are involved in the

mechanism of actions of the nanoparticles, as in E. coli.
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Figure 3.16. CFU counting of E. coli wild-type and mutants after incubation with
particles at MIC concentration for 2 h in PBS after been incubated in MOPS media
with different Fe(lll) concentrations for 2 h. Depicted values represent the average *
SD based on 3 biological replicates. Statistical analysis performed by t-test; ns = p >
0.05,* =p<0.05, **=p<0.01, ** =p <0.001.

Finally, the siderophore-uptake systems of P. aeruginosa were investigated. P.
aeruginosa displays lipid A aminoarabinosylation, protecting the divalent cations
present in the outer membrane against the chelating abilities of DTPA-coated
nanoparticles. Nevertheless, the Fe3*DTPA-coated nanoparticles showed an
increased activity compared with SiO2>oRu-Van nanoparticles, suggesting that this

new Fe**DTPA-coating was able to overcome the resistance showcased against

DTPA@SiO2.oRu-Van. Thereby, we decided to expand the siderophore-uptake
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system library studied in order to elucidate the mechanism of actions of
Fe3*DTPA@SiO2oRu-Van nanoparticles. Eight different mutants were investigated
(Table 3.17). The selected mutants present inactivation of surface receptor proteins of
pyochelin (mixed siderophore, FptA), pyoverdine (mixed siderophore, FpvA® and
FpvB®®), ferrioxamine and ferrochrome (two hydroxamate-based siderophore, FoxA®’
and FiuA), citrate-based complex (FecA®) and Ent (FepA®® and PirA’°). Selected
mutants displayed inactivation of the majority of P. aeruginosa siderophore uptake

systems.?’

After 2 h incubation no change in DTPA-coated nanoparticles was observed in any of
the Fe(lll) conditions tested. Nevertheless Fe**DTPA-coated hybrid nanoparticles
displayed higher antibacterial activity against the WT strain at 10 uM Fe(lll) which
further increased when cells were incubated in 20 nM Fe(lll) before the experiment. In
case of P. aeruginosa knockouts, no change in the activity of DTPA-coated was

observed, suggesting that the resistance mechanism is also present in those strains.

For Fe**DTPA@SiO.>Ru-Van nanoparticles two different behaviours were observed.
nanoparticles displayed increased antibacterial activity againt AfptA, AfpvA, AfpvB,
AfepA and ApirA strains at 10 uM Fe(lll) which a further increased in Fe(lll) limitation
conditions. These results suggested that those uptake systems are not involved in the
mechanism of action n of the nanoparticles, as their inactivation did not have any
consequence to the activity of the nanoparticles. Receptors that recognize
catecholate-based and mixed siderophores in P. aeruginosa are not able to interact

with surface Fe3*DTPA complex.”>"3
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Figure 3.17. CFU counting of P. aeruginosa wild-type and mutants after incubation
with particles at MIC concentration for 2 h in PBS after been incubated in MOPS media
with different Fe(lll) concentrations for 2 h Depicted values represent the average *
SD based on 3 biological replicates. Statistical analysis performed by t-test; ns = p >
0.05,* =p<0.05, **=p<0.01, ** =p <0.001.
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However, a decrease on the antibacterial activity of Fe**DTPA@SiO2oRu-Van
nanoparticles was observed in case of AfoxA, AfiuA and AfecA strains, with
carboxylate or hydroxamate-based membrane receptors’ expression inactivated.
Similarly, even if cells were incubated with 20 nM Fe(lll), very low (in case of AfoxA)
or no statistical significant difference (AfiuA and AfecA) was observed compared with
standard Fe(lll) concentrations (10 uM), suggesting that these are involved in

nanoparticles activity.

In conclusion, and after examining a library of bacteria mutants we observed that the
antimicrobial activity of Fe3*DTPA@SiO2>Ru-Van nanoparticles is directly linked with
carboxylate and hydroxamate-based siderophore receptors, as upon gene
inactivation, the antibacterial activity of nanoparticles was significantly reduced.
Moreover, uptake systems specific for catecholates or mixed siderophores appeared
not to be involved in the activity of particles, as their inactivation did not have any effect

on their activity.

Nevertheless, we need to further explore whether the increase in activity of
Fel*DTPA@SiO2oRu-Van nanoparticles is due to increased internalization through

identified siderophore uptake systems.

3.3.3. Internalization of Fe**DTPA@SiO2:>Ru-Van nanoparticles
In order to elucidate if the antibacterial effect of these nanoparticles is due to their
enhanced internalization, Structured lllumination Microscopy (SIM) was employed.
Taking advantage of the highly luminescent Ru complex within the nanoparticles, their
internalization was studied in Hoechst-stained live bacterial cells. The studies also

examined the effect of medium Fe(lll) concentration and the inactivation of surface
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siderophore-receptor expression on nanoparticle internalization was explored using

the same approach

Bacterial cells ere incubated with desired nanoparticles with a final concentration of
2.5 mg/mL in PBS buffer (0.1 M, pH 7.4) for 1 h for S. aureus and 2 h for Gram-
negative species. In order to overexpress the siderophore uptake systems, bacterial
cells well were incubated 2 h in reduced Fe(lll) MOPS media prior to the experiments.
Finally, cells were stained with Hoechst and live imaged using SIM microscopy (ZEIS
ELYRA microscope). Nanoparticle internalization was then calculated using z-stack
images by two different methodologies: we first calculated the Manders’ overlapping
coefficient between the cell's signal (Hoechts) and the nanoparticles (Ru)’™* and,
secondly, we determine the number of cells containing nanoparticles using an image
processing technique previously developed within the groups and reported in Dosumu

etal.”™s

After 1 h incubation of WT S. aureus with uncoated particles, very low particle
internalization percentage was estimated, as seen in Figure 3.18, regardless of
whether cells were previously incubated in standard or reduced Fe(lll) conditions.
Upon DTPA-coating, nanoparticle internalization increased but no difference between
Fe(lll) conditions was observed, in good agreement with the antibacterial activity study
(section 3.4.1). Upon Fe*'DTPA-coating, nanoparticles internalization increased
significantly comparing with DTPA@SiO2>Ru-Van nanoparticles, after 1 h incubation,
with Mander’s overlapping coefficient of 0.52 + 0.09 and 51 + 3 % of cells containing
Fe3*DTPA@SiO2oRu-Van nanoparticles. Furthermore, in iron limitation conditions
(causing receptor overexpression), internalization of nanoparticles increased even
further with 83 £ 9 % of cells displaying internalised nanoparticles. Internalisation
results support the antibacterial activity observed in previous experiments. We also
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explored 2 h incubation time for S. aureus; however, due to the permeability of cells
to nanoparticles, after 2 h no difference between coated nanoparticle and Fe(lll)

conditions could be observed (Figure S.21).
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Figure 3.18. Representative structural illumination microscopy images (n = 5 for 3
biological replicates) of WT S. aureus cells incubated with SiO2oRu-Van,
DTPA@SiO2oRu-Van and Fe**DTPA@SiO2oRu-Van nanoparticles ([NPs] = 2.5
mg/mL) for 1 h in PBS buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150 rpm)
after 1 h incubation in standard (10 uM) and reduced (1.8 uM) Fe(lll) MOPS media.
Images show overlay of channels depicting the bacterial cell outline (blue) and particle
luminescence (red). Blue channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410 — 455
nm) and red channel, Ru emission (Aexc = 455 nm, Aem = 580 — 620 nm).

These results can also be further reinforced by TEM imaging of the same samples
(Figure 3.19) showing a higher degree of particle internalization upon coating and a
higher number of nanoparticle-cell interactions of Fe3*DTPA@SiO2>Ru-Van

nanoparticles upon siderophore uptake system overexpression. S. aureus cells
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incubated with SiO2oRu-Van nanoparticles only shows nanoparticles attached to the
cell surface with nor significant change in cell morphology. Upon DTPA-coating, the
cell morphology changed observing deflated cells due to the activity of the coating, as
also observed in control experiments. Nevertheless, no difference between iron
conditions was observed (Figure 3.522). Finally, cells, incubated with
Fe3*DTPA@SiO2oRu-Van displayed higher number of internalised nanoparticle

(indicated with red arrows) which increased even further in iron limitation conditions.

SiO,oRu-Van DTPA@SiO,oRu-Van Fe’’DTPA@SiO,>Ru-Van

i
"

[Fe(lll)] = 10 uM

[Fe(lll)] = 1.8 uM

e

Figure 3.19. Representative Transmission Electron Microscopy (TEM) images (n = 5
per condition) of wild-type S. aureus cells incubated with SiO2oRu-Van,
DTPA@SiO2oRu-Van and Fe**DTPA@SiO2oRu-Van nanoparticles (2.5 mg/mL) for
1 h in PBS buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150 rpm) after 2 h
incubation in standard (10 uM) and reduced (1.8 uM) Fe(lll) MOPS media. Red arrows
highlight internalised nanoparticles.

Next, we explored nanoparticle uptake in S. aureus mutants where
Fe3*DTPA@SiO2oRu-Van nanoparticles showed lower antibacterial activity
compared with the WT strain. A4sirA, AfecA and AfhuA strains showed similar particle

internalization after incubation with SiO2DRu-Van and DTPA@SiO2>Ru-Van
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[Fe(ll)] = 1.8 uM

nanoparticles, compared with the WT strain. However, upon incubation with
Fe3*DTPA@SiO2oRu-Van nanoparticles, internalization values decreased, plus, no
significant difference between Fe(lll) conditions was observed. For instance, after 1 h
incubation with DTPA@SiO2oRu-Van nanoparticles, 27 + 5 % of AsirA strain cells
presented internalised nanoparticles, these values decreased to 13 + 3 % when
Fe3*DTPA@SiO2oRu-Van nanoparticles were tested. In case of AfecA, moreover, 28
+ 7 % of cells displayed internalised DTPA-coated nanoparticles, but Fe3*DTPA-
coated nanoparticles were only present in 17 £ 3 % of cells. Finally, a similar trend
was observed in case of AfhuA where no significant difference was observed between
the percentage of cells with internalised DTPA@SiO2oRu-Van (28 + 6 %) and

Fe3*DTPA@SiO2oRu-Van (30 + 3 %) nanoparticles (Figure 3.21).

A4sirA AfecA AfhuA

Figure 3.20. Representative structural illumination microscopy images (n = 5 for 3
biological replicates) of wild-type S. aureus and mutants cells incubated with
Fe3*DTPA@SiO2oRu-Van nanoparticles (2.5 mg/mL) for 1 h in PBS buffer (1 mM, pH
7.4) at 37 °C under mild shaking (150 rpm) after 2 h incubation in standard (10 uM)
and reduced (1.8 uM) Fe(lll) MOPS media. Images show overlay of channels depicting
the bacterial cell outline (blue) and particle luminescence (red). Blue channel, Hoechst
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H33342 (Aexc = 405 nm, Aem = 410 — 455 nm) and red channel, Ru emission (Aexc =
455 nm, Aem = 580 — 620 nm).
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Figure 3.21. Quantification of particle internalization in S. aureus strains after 1h
incubation in PBS buffer (0.1 M, pH 7.4) at 37 °C and mild shaking (150 rpm) by (A)
Manders’ overlapping coefficient and (B) determination of bacterial cells with
internalized nanoparticles based on SIM images under standard (dark red and brown)
and reduced (light red and brown) Fe(lll) conditions. (Average £ SD, n = 5 for 3
biological replicates). Statistical analysis performed by t-test; ns = p > 0.05, * = p <
0.05, ** =p <0.01, *** = p < 0.001.

Uncoated nanoparticles were not internalised into WT E. coli cells, and DTPA-coating
only increased this slightly, with only 18 + 4 % of cells having internalised nanoparticles
(Figure 3.22). Moreover, no significant difference between Fe(lll) conditions was
observed. However, upon incubation with Fe3*DTPA@SiO2oRu-Van nanoparticles,

internalization of particles increased to 31 + 3 % of cells, which increased to 62 + 11
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% if siderophore-uptake systems are overexpressed under Fe(lll) restrictive
conditions. The estimated increased in nanoparticle internalization supports the

mechanism of action of nanoparticles involving siderophore uptake system.
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Figure 3.22. Representative structural illumination microscopy images (n = 3) of WT
E. coli cells incubated with SiO2DRu-Van, DTPA@SiO.oRu-Van and
Fe3*DTPA@SiO2oRu-Van nanoparticles ([NPs] = 2.5 mg/mL) for 1 h in PBS buffer (1
mM, pH 7.4) at 27 °C under mild shaking (150 rpm) after 2 h incubation in standard
(10 uM) and reduced (20 nM) Fe(lll) MOPS media. Images show overlay of channels
depicting the bacterial cell outline (blue) and particle luminescence (red). Blue
channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410 — 455 nm) and red channel, Ru
emission (lexc = 455 nm, Aem = 580 — 620 nm).

Minimal interactions between SiO2DRu-Van particles and WT E. coli cells were
observed in TEM micrographs (Figure 3.23), In case of DTPA@SiO2oRu-Van
nanoparticles, even if no difference between Fe(lll) concentrations is observed, more

interactions were observed, with higher number of nanoparticles interaction with
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bacteria surface, plus some internalised nanoparticles. Finally, upon incubation with
Fe3*DTPA@SiO2oRu-Van nanoparticles an enhancement on cell-nanoparticle
interactions was observed in standard Fe(lll) concentrations, where cells were
surrounded by a large number of nanoparticles and a change in cell morphology could
be seen. Under reduced Fe(lll) concentration conditions, the interactions of
Fe3*DTPA-coated nanoparticles with bacterial cells increased, observing cell
disruption is certain cases. Alongside the SIM images, TEM micrographs supported

the antibacterial activity of developed Fe**DTPA@SiO2oRu-Van nanoparticles.
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Figure 3.23. Representative Transmission Electron Microscopy (TEM) images (n = 5
per condition) of wild-type E. coli cells incubated with incubated with SiO2oRu-Van,
DTPA@SiO2oRu-Van and Fe**DTPA@SiO2oRu-Van nanoparticles (2.5 mg/mL) for
2 h in PBS buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150 rpm) after 2 h
incubation in standard (10 uM) and reduced (20 nM) Fe(lll) MOPS media

AfecA and AfhuA E. coli strains, however, displayed reduced Fe3*DTPA-coated
nanoparticles internalization, with no significant difference with DTPA-coated

nanoparticles or between Fe(lll) conditions (Figure 3.525). Whereas 19 + 3 % of AfhuA
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E. coli cells presented DTPA-coated nanoparticle internalization, only 17 £ 6 % of cells
did show internalised nanoparticles after incubation with Fe3*DTPA@SiO2>Ru-Van
nanoparticles after siderophore-uptake overexpression. Similarly, AfecA strain
showed similar number of cells with internalised nanoparticle for DTPA@SiO2oRu-
Van (18 £ 3 %) and Fe**DTPA@SiO.oRu-Van (24 + 5 %) after incubation in reduced
Fe(lll) conditions. These internalization results support the mechanism of action
suggested from previous experiments; suggesting that nanoparticle internalization,

and hence, activity, relies of siderophore-uptake systems.
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Figure 3.24. Representative structural illumination microscopy images (n=5 for 3
biological replicas) of WT E. coli and mutants strains incubated with
Fe3*DTPA@SiO2oRu-Van nanoparticles ([NPs] = 2.5 mg/mL) for 1 h in PBS buffer (1
mM, pH 7.4) at 27 °C under mild shaking (150 rpm) after 2 h incubation in standard
(10 uM) and reduced (20 nM) Fe(lll) MOPS media. Images show overlay of channels
depicting the bacterial cell outline (blue) and particle luminescence (red). Blue
channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410 — 455 nm) and red channel, Ru
emission (lexc = 455 nm, Aem = 580 — 620 nm).
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Figure 3.25. Quantification of particle internalization in E. coli strains after 2 h
incubation in PBS buffer (0.1 M, pH 7.4) at 37 °C and mild shaking (150 rpm) by (A)
Manders’ overlapping coefficient and (B) determination of bacterial cells with
internalized nanoparticles based on SIM images under standard (dark red and brown)
and reduced (light red and brown) Fe(lll) conditions. (Average + SD, n=5 for 3

biological replicas). Statistical analysis performed by t-test; ns p>0.05, * p<0.05, **
p<0.01, *** p<0.001.

We finally explored nanoparticle internalization in P. aeruginosa strains. As mentioned,
due to the resistance mechanism against chelators, DTPA-coated nanoparticles were
not able to penetrate the bacterial cells. This could also be observed in SIM images
where no luminescent signal of Ru was detected in bacterial cells (Figure 3.26).
Furthermore, overexpression of siderophore-uptake system did not have any effect on
particle internalization. Nevertheless, upon incubation with Fe3*DTPA@SiO2>Ru-Van
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nanoparticles at Fe(lll) = 10 uM, internalization of nanoparticles slightly increased with
25 £ 5 % of P. aeruginosa cells containing nanoparticles. These results constitute the
first evidence of the enhanced internalization abilities of the nanoparticles in P.
aeruginosa. Moreover, upon incubation with Fe(lll) = 20 nM and receptor
overexpression, nanoparticles were internalised in 46 + 3 % of cells; confirming the

proposed uptake mechanism through siderophore-uptake systems.

SiO,oRu-Van DTPA@SiO,oRu-Van Fe3+DTPA@SiO SRu-Van
=
=
e
]
T
=

10 pm

=
<
o
N
" . . .
T
=

Figure 3.26. Representative structural illumination microscopy images (n=5 for 3
biological replicas) of WT P. aeruginosa cells incubated with SiO2>Ru-Van,
DTPA@SiO2oRu-Van and Fe**DTPA@SiO2oRu-Van nanoparticles ([NPs] =
mg/mL) for 1 h in PBS buffer (1 mM, pH 7.4) at 27 °C under mild shaking (150 rpm)
after 2 h incubation in standard (10 uM) and reduced (20 nM) Fe(lll) MOPS media.
Images show overlay of channels depicting the bacterial cell outline (blue) and particle
luminescence (red). Blue channel, Hoechst H33342 (Lexc = 405 nm, Aem = 410 — 455
nm) and red channel, Ru emission (Aexc = 455 nm, Aem = 580 — 620 nm).
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TEM images of WT P. aeruginosa incubated with the nanoparticle library (Figure 3.27)
also confirmed the lack on interactions between uncoated and DTPA-coated
nanoparticles, while Fe**DTPA-coated nanoparticles were found to have more
interactions with bacterial cells. Moreover, overexpression of siderophore-receptors
upon incubation at 20 nM Fe(lll) resulted in an increased of interactions, observing

cells fully covered by nanoparticles.
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Figure 3.27. Representative Transmission Electron Microscopy (TEM) images (n = 5
per condition) of wild-type P. aeruginosa cells incubated with incubated with SiO2oRu-
Van, DTPA@SiO;oRu-Van and Fe**DTPA@SiO.oRu-Van nanoparticles (2.5
mg/mL) for 2 h in PBS buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150 rpm)
after 2 h incubation in standard (10 uM) and reduced (20 nM) Fe(lll) MOPS media.

We further investigated nanoparticle uptake in P. aeruginosa mutants where
Fe3*DTPA@SiO2oRu-Van nanoparticles displayed lower antibacterial activity (4fecA,
AfiuA and AfoxA). Uncoated and DTPA-coated nanoparticle did not displayed
significant internalization in cells (Figure 3.525, Figure 3.28), as in WT P. aeruginosa.
In case of Fe3*DTPA-coated nanoparticle, opposite to the WT strain, very low particle

internalization was observed at 10 uM Fe(lll), estimating that 11 £ 3 %, 8 + 3 % and
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6 4 % of cells were carrying internalised nanoparticles, respectively. Upon
siderophore-uptake system overexpression the internalisation of nanoparticle slightly

increased but still estimating lower values compared with the WT strain.

AfecA AfoxA AfhuA

Figure 3.28. Representative structural illumination microscopy images (n=5 for 3
biological replicas) of WT P. aeruginosa and mutants strains incubated with
Fe3*DTPA@SiO2oRu-Van nanoparticles ([NPs] = 2.5 mg/mL) for 1 h in PBS buffer (1
mM, pH 7.4) at 27 °C under mild shaking (150 rpm) after 2 h incubation in standard
(10 uM) and reduced (20 nM) Fe(lll) MOPS media. Images show overlay of channels
depicting the bacterial cell outline (blue) and particle luminescence (red). Blue
channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410 — 455 nm) and red channel, Ru
emission (Aexc = 455 nm, Aem = 580 — 620 nm).
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Figure 3.29. Quantification of particle internalization in E. coli strains after 2 h
incubation in PBS buffer (0.1 M, pH 7.4) at 37 °C and mild shaking (150 rpm) by (A)
Manders’ overlapping coefficient and (B) determination of bacterial cells with
internalized nanoparticles based on SIM images under standard (dark red and brown)
and reduced (light red and brown) Fe(lll) conditions. (Average + SD, n=5 for 3
biological replicas). Statistical analysis performed by t-test; ns p>0.05, * p<0.05, **
p<0.01, *** p<0.001.

3.3.3.1. Internalization of control nanoparticles
We also explored the internalization abilities of three control nanoparticles:
Fe3*DTPA@SiO2oRu, [Fe**DTPA-Bua]@SiO2oRu-Van and [Fe**Ent]*

@SiO2oRu-Van (Full characterization in Figure 3.S17-S18).
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Fe3*DTPA@SiO2oRu represents a control particle without antibiotic. Van inhibits the
cell wall synthesis, leading to membrane permeabilization. Thereby, we wanted to
explore if the presence of Van influenced the uptake of nanoparticles, or if the
internalization was predominantly driven by the coating. Internalization quantification
by SIM microscopy and image processing techniques revealed no difference in particle
internalization for Gram-negative species, while a decrease in particle internalization
was observed for S. aureus (Figure 3.S28 and Figure 3.S29). We attribute this
difference to the antibacterial effect of released Van before particle internalization,
permeabilizing the membrane allowing higher particle internalization. For the Gram-
negative bacteria, due to membrane impermeability to Van, this effect was not

observed.

The second control, [Fe**DTPA-Buaz]J@SiO2oRu-Van, was proposed in order to
study whether the covalent attachment of the metal complex to the nanoparticle
surface was essential for the nanoparticle’s activity. Thereby, we designed a hybrid
particle with Fe3*DTPA-Buaz complex adsorbed onto the surface of the nanoparticles
([Fe3*DTPA-Buaz]J@SiO.oRu-Van). Internalization studies concluded no significant
nanoparticle internalization in Gram-negative bacterial cells, and particle
internalization comparable to uncoated particles in the case of S. aureus (Figure 3.529

and Figure 3.S26).

[Fe**Ent]*@SiO.oRu-Van was designed as similar system to [Fe3*DTPA-
Buaz]@SiO2oRu-Va but with a coating composed by a natural Fe3*-siderophore
complex, the catecholate-based siderophore enterobactin (Ent) (Full characterization
in Figure 3.517). With this control nanoparticle we wanted to explore if the present of
a natural siderophore would lead to particle internalization even though it was not

covalently attached. [Fe3*Ent]®* complex is recognised by the SstD receptor in S.
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aureus and the FepA and PirA receptors in E. coli and P. aeruginosa, among others.®
Internalization quantification, by SIM, revealed no significant particle internalization in
any of the bacterial species studied upon incubation with [Fe**Ent]**@SiO2>Ru-Van
nanoparticles, even after siderophore-receptor overexpression (Figure 3.S28 and
Figure 3.529). These results evidenced the importance of the covalent attachment of

the coating to the particle surface.

3.3.4. Molecular analogue of Fe**DTPA@SiO.oRu-Van: Fe**DTPA-Amox:
Siderophore and siderophore-like antibiotic conjugates have been widely explored in
the literature and standardized methodologies have been reported for their study.®
Thereby, a Amoxicillin (Amox) DTPA-conjugate (DTPA-Amoxz) and its Fe(lll)
complex (Fe**DTPA-Amoxz:) were developed as molecular analogues to the
preciously explored nanoparticles, and their antibacterial activity and mechanism of

action investigated.

3.3.4.1. Synthesis and characterization of DTPA-Amox: and
Fe3*DTPA-Amox:
The antibiotic conjugate DTPA-Amox2 (Figure 3.30) was previously reported in the

literature by S. Akter et al.”® Nevertheless, reported synthesis procedure was based
on nucleophilic opening of DTPA bis-anhydride by Amox in aqueous carbonate buffer.
Due to synthesis conditions beside the desired DTPA-Amoxz, also single-conjugate
DTPA-Amox and unconjugated DTPA were produced. Purification of DTPA-Amoxz by
HPLC was required. Furthermore, purity of desired conjugated was only investigated

by mass-spectrometry techniques.
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Figure 3.30. Chemical structure of DTPA-Amoxz with conjugate Amox molecules
highlighted in pink.

Thereby, an improved methodology for the synthesis of DTPA-Amox2 was developed.
Briefly, DTPA bis-anhydride and Amox (1:2 molar ratio) were reacted in anhydrous
pyridine under N2 flow at room temperature for 24 h (Figure 3.31). The absence of
water would prevent the formation of side-products. DTPA-Amoxz was isolated as a

white power.
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Figure 3.31. Synthesis scheme of DTPA-Amoxa.
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Formation of DTPA-Amox: was investigated by NMR (Figure 3.32-S33 and Figure
3.830-33) and mass spectrometry studies (negative mode) (Figure 3.S.34). "TH-NMR
of DTPA-Amox:zin D20 showed 11 different proton environments, 10 of them from the
symmetrical molecule. HF and Hg are equivalent protons arising in a single doublet.
Similarly, Hpo and He overlapped resulting in a multiplet. The successful conjugation of
Amox to DTPA was firstly confirmed by the downfield shift of Hc to 5.37 ppm from

5.18 ppm due to proton deshielding upon amide formation (Figure 3.S30).
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Figure 3.32. "H-NMR (400 MHz, D>O) of DTPA-Amoxa.

DEPT "3C-NMR spectrum showed 22 different signals, 20 assigned to the symmetric

unit of the molecule, 14 of those assigned to CH> and carbonyl carbons and the other
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8 assigned to CHs3 or CH carbons (Figure 3.33). Furthermore, Heteronuclear Single
Quantum Coherence (HSQC) spectroscopy experiments (Figure 3.S32) further
confirmed amide bond formation as cross peaks between Hc and Hg (56.9 ppm) were
observed. Heteronuclear Multiple Bond Correlation (HMBC, Figure 3.S33)
spectroscopy also confirmed amide bond formation as seen by cross peaks between
Hc and C15 (174.3) and C+6 (57.1). ESI-MS (positive mode) detected the [M+H]* specie

with m/z = 1088.3363 (caldc. m/z = 1088.3341).
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Figure 3.33. DEPT '3C-NMR (101 MHz, D20) of DTPA-Amox;

After synthesis of DTPA-Amoxz, its Fe(lll) complex, Fe3*DTPA-Amox: (Figure 3.34),
analogue was synthetized. Complexation was performed in aqueous solution of Fe(lll)

in presence of tetrabutylammonium hydroxide. Successful synthesis of Fe3*DTPA-
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Amoxz was confirmed by ESI-MS were [M+H]* was detected with a m/z of 1141.2465

(theoretical m/z = 1141.2457).

o HN
Ho)‘\ H © FeCl; (aq)
A~ N~ >
o Y” Y Bu,N*OH-  ©

Figure 3.35. Synthesis scheme of Fe3*DTPA-Amox:.

3.3.4.2. Antimicrobial activity of DTPA-Amox; and Fe3*DTPA-Amox;
Firstly, we investigated the antibacterial activity of developed aminocarboxylate-
antibiotic conjugates by MIC determination for wild type S. aureus, E. coli and P.
aeruginosa. Similarly, we determined the MIC of DTPA-Buaz plus Amoxicillin and
Fe3*DTPA-Buaz plus amoxicillin (in 1:2 molar ratio as in DTPA-Amox: and

Fe3*DTPA-Amoxz) to investigate if the antibacterial activity is associated with the
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antibiotic moiety, amino carboxylate moiety or the conjugate. Table 3.3 contains the
MIC values respect to the concentration of Amox. The MIC values respect to the

concentration of the conjugate can be found in Table 3.S6.

Table 3.3. Minimal inhibitory concentration (MIC, mg/mL of Amox) of Amox, DTPA-
Amoxz, Fe3*DTPA-Amox: and control mixtures (based on Amox concentration) for S.
aureus (ATCC23851), E. coli (MG1655) and P. aeruginosa (PA14) upon shaking at

150 rpm at 37 °Cin LB media. Depicted results are based on 3 biological replicas.

S.aureus E.coli P.aeruginosa

Amox 0.2 4 8
DTPA-Amox: 1.6 32 64
DTPA-Buaz; + Amox 0.05 2 8
Fe**DTPA-Amox: 04 4 4
Fe**DTPA-Bua; + Amox 0.2 4 8

Explored bacterial species present different MIC values for plain Amox. While Amox
MIC for S. aureus is 0.2 ug/mL and for E. coli 4 ug/mL; for P. aeruginosa the MIC value

is 8 ng/mL.

The Amox-relative MIC values for developed DTPA-Amox. conjugate, however,
increased in all cases respect to free Amox. This decrease in antibacterial activity
was associated with the mechanism of action of the conjugated antibiotic. Amox
inhibits cell wall synthesis by binding to the PBP in a one-to-one antibiotic — binding
site mode.”” Even if the developed conjugate bears two antibiotic molecules, we
believe, upon further study, that only one of the antibiotic moieties was able to interact
with the PBP, making the second conjugated Amox not able to reach another PBP
binding site. Moreover, MIC values of the DTPA-Buaz+Amox mixture, containing 1:2
ratio DTPA-Buaz2:Amox, presented a decrease in Amox-relative MIC value for S.

aureus and E. coli, while no difference was observed for P. aeruginosa. The additive
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effect of DTPA and antibiotics was previously described for antibiotics and widely
reported in the literature, as it increases the cell-wall permeability.”®’° Nevertheless,
P. aeruginosa presents a resistance mechanism against the chelator, as previously

explained.

Antibacterial study of Fe**DTPA-Amox: resulted in higher activity compared with
DTPA-Amox2, with Amox-related MIC values of 0.05 ug/mL for S. aureus, 4 ng/mL
for E. coli and 8 ng/mL for P. aeruginosa. Similar to the DTPA-coated particles,
chelating Fe(lll) enhanced the activity of the system. In case of S. aureus, Fe3*DTPA-
Amoxz showed higher activity than free Amox, based on Amox concentration, which
is mentioning. In case of Gram-negative species, the same MIC values were observed,
but, as only one of conjugated Amox would be able to interact with the penicillin-
binding protein (PBP), we could conclude that, in Gram-negative species, Fe(lll)

chelation also increases the activity of the conjugate.

3.3.4.3. Effect of Fe(lll) availability on antibacterial activity of
conjugates

As previously explored with nanoparticles, we investigated the antibacterial activity of

DTPA-Amox: of Fe3*DTPA-Amoxz upon overexpression of siderophore-receptors.

Equally, incubation of bacteria inoculate in reduced Fe(lll) MOPS media was

employed for siderophore-receptor overexpression. CFU/mL was calculated after 2 h

incubation with desired compounds, at MIC concentrations, in PBS buffer (0.1 M, pH

7.4) (Figure 3.36).
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Figure 3.36. Viability of (A) S. aureus (ATCC23851), (B) E. coli (MG1655) and (C) P.
aeruginosa (PA14) after 2 h incubation with desired compounds in PBS buffer (0.1 M,
pH 7.4) at MIC concentrations. Bacterial cells were incubated in standard Fe(lll)
concentration (10 uM) or reduced (1.6 uM for S. aureus and 20 nM for E. coli and P.
aeruginosa) MOPS media prior the experiments. Control samples was untreated and
incubated in PBS buffer (0.1 M, pH 7.4). Depicted values are average + SD, n= 3
biological replicas. Statistical analysis performed by t-test; ns = p > 0.05, * = p < 0.05,
**=p<0.01, ™ =p<0.001.

In all bacterial species investigated there was no difference between Fe(lll)
concentrations observed for free Amox and DTPA-Amox: , while a significant
increase in activity was detected for Fe3*DTPA-Amoxz upon siderophore-receptor
overexpression. These results are in good agreement with explored nanoparticles,
where a significant increase in activity upon siderophore-receptor overexpression was
only observed in case of Fe3*DTPA-coated nanoparticles, indicating that the

developed molecular analogue displayed a similar mechanism of action to
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nanoparticles and confirming the role of siderophore-uptake systems in the

mechanism of action of the complex.

3.3.4.4. Identification of involved siderophore-uptake system in
Fe3*DTPA-Amox: activity.
Finally, we decided to identity the siderophore receptors involved in the activity of
developed molecular conjugate to determine whether the conjugate behaves in the
same way that the Fe3*DTPA-coated nanoparticles. With that aim, the bacterial
mutants previously employed with nanoparticles were explored (Table 3.X). Bacterial
cells were incubated in low Fe(lll) concentration MOPS for 2 h prior incubation with
Fe3*DTPA-Amox2 (MIC concentration of the wild type strain) for 2 h and viability was

assessed by CFU counting (Figure 3.37).
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Figure 3.37. Viability of (A) S. aureus, (B) E. coli and (C) P. aeruginosa strains upon
incubation with Fe3*DTPA-Amoxzfor2 h in PBS buffer (0.1 M, pH 7.4). S. aureus were
incubated in 1.8 uM Fe(lll) MOPS media and E. coli and P. aeruginosa in 20 nM Fe(lll)
MOPS media 2 h at 37 °C prior to the experiment in order to trigger siderophore-
receptor overexpression. Control samples was untreated and incubated in PBS buffer
(0.1 M, pH 7.4). Depicted values are average + SD, n=3 biological replicas. Statistical
analysis performed by t-test; ns = p > 0.05, *=p <0.05, ** =p < 0.01, *** = p < 0.001.
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Comparison between untreated (control) and wild type strains of all species showed a
significant viability decrease upon incubation with Fe3*DTPA-Amoxz. Nevertheless, for
mutant strains different viabilities were observed. In the case of S. aureus, the biggest
increase in viability compared to WT was observed for A4sirA strains, which has
inactivation of the carboxylate-based siderophore membrane receptor. In case of
AfecA and AfhuA strains, with inactivated receptors for citrate-based and
hydroxamate-based receptors, also an increase in viability compared to WT was
observed, but not as prominent as in the case of 4sirA. The increase in viability in
strains lacking the SirA, FecA and FhuA receptors cases suggests that, as in case of

the nanoparticles, those receptors are involved in the conjugate’s internalization.

In case of E. coli, a similar viability decrease, compared with control experiments, was
observed for the WT and AfepA strains treated with Fe3*DTPA-Amoxz. fepA encodes
the outer-membrane receptor for the catecholate-based siderophore Ent.?® We
previously observed no change in nanoparticles activity upon fepA inhibition and it was
associated with the disparity between Fe**DTPA and [Fe3*Ent]®* shape, size, and
charge. Nevertheless, inactivation of citrate-based (AfecA) and hydroxamate-based
(AfhuA) receptors led to an increase in cell viability compared with WT, indicating the
involvement of theses receptors in the uptake of the Fe3*DTPA-Amox: conjugate as

previously described for Fe**DTPA@SiO2.>Ru-Van nanoparticles.

Finally, investigation of the antibacterial activity of Fe3*DTPA-Amoxzin P. aeruginosa
strains upon receptor overexpression revealed a decrease in activity the conjugate in
the case of AfoxA, AfiuA and AfecA strains with inactivation of hydroxamate-based and

citrate-based siderophore receptors, following the same trend in E. coli. However,
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inactivation of catecholate-based (AfepA and ApirA) or mixed (AfptA, AfpvA and AfpvB)
siderophore receptors did not impact the activity of the conjugate. Like in the case of
E. coli, differences between the native siderophores recognised by those receptors

could hinder conjugate interaction, and hence, internalization.

In conclusion, we identified that the siderophore-receptors that are involved in the
mechanism of action of Fe3*DTPA-Amox: are those that selectively recognise citrate-
based, carboxylate-based, and hydroxamate-based siderophores in all bacterial
species studied. Furthermore, interestingly, the receptors involved are the same that
mediate the internalization of Fe**DTPA@SiO.>Ru-Van nanoparticles. All these
findings confirmed that the molecular conjugate analogue of nanoparticles possess
the same mechanism of action that nanoparticles which supposes a step forward for

the design of nanoparticle-based DDS inspired by bacteria-recognisable molecules.

3.4.Conclusion
In this study, a new strategy for SiO2 nanoparticles has been developed. A Fe3*DTPA-
coating was achieved by in situ formation of the Fe(lll)-aminocarboxylate complex.
The affinity constant between Fe(lll) and the bisamide aminocarboxylate was found to
be similar to carboxylate-based siderophores. The presence of the Fe3* in hybrid
nanoparticles (Fe3*DTPA@SiO.oRu-Van) was confirmed by a plethora of surface
characterization techniques. Fe3*DTPA@SiO2oRu-Van nanoparticles displayed
cumulative Van release alongside a stable red luminescence from the encapsulated

Ru. Finally, particles showed good biocompatibility properties based on MTT assays.

Novel nanoparticles displayed enhanced antibacterial properties compared with the

DTPA-coated nanoparticles, even in those species were DTPA-coated nanoparticles
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did not have a significant activity (P. aeruginosa and B. cenocepacia). The mechanism
of action of nanoparticles was explored, focusing on the interactions between
nanoparticles and bacterial siderophore uptake systems. Firstly, nanoparticles
presented enhanced activity in Fe(lll) reduced conditions, where siderophores uptake
systems are overexpressed. Subsequently, the receptors involved in the activity of
nanoparticles were identified using membrane siderophore receptor knock outs of
representative bacterial species. Receptors specific for carboxylate- and
hydroxamate-based siderophores were found to be involved as their suppression

decreased nanoparticles activity.

Nanoparticle-cell interactions and internalization of Fe3*DTPA@SiO.>Ru-Van
nanoparticles was explored using SIM and TEM microscopy. Novel nanoparticles
displayed higher internalization degree in bacterial cells compared with uncoated and
DTPA-coated nanoparticles, even in case of P. aeruginosa, where no particle
internalization was observed for previous DTPA@SiO2.o5Ru-Van nanoparticles.
Furthermore, upon suppression of involved receptors lower internalization was

observed, highlighting their role as nanoparticles uptake systems.

Finally, a molecular analogue of the designed nanoparticles, Fe3*DTPA-Amoxz, was
designed and explored. The analogue also displayed enhanced antibacterial activity
upon siderophore-receptor overexpression. The same receptors involved in the
activity of nanoparticles were found to be linked with activity of Fe3*DTPA-Amox, as

upon their suppression the analogues; activity decreased.

Hereby, Fe**DTPA@SiO.oRu-Van represents the first example of a nanoparticle
system whose internalization is mediated by siderophore-uptake systems.

Furthermore, thedeveloped coating is also able to overcome the resistance
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mechanism of aminoarabinosylosis expressing bacterial species and allowing the

delivery of Van into P. aeruginosa and B cenocepacia cells.

3.5. Experimental section

3.5.1. Synthetic procedures
All chemicals and consumables were purchased from Sigma-Aldrich and they were of

the higher quality available.

Fe3*DTPA-Si.. Diethylenetriaminepentaacetic acid dianhydride (100 mg, 0.28 mmol),
diisoporpylamine (DIPA, 125 uL, 0.97 mmol, 3.5 eqv) and 4-dimethylamonopyridine
(DMAP, catalytic amount) were dissolved in anhydrous pyridine (2 mL) under nitrogen.
Then, 3-(aminopropyl)triethoxysilane (APTES, 37 uL, 0.6 mmol, 2.1 eqv) was added
dropwise and final solution stirred at room temperature under N2 overnight. Then
anhydrous FeCls (45.5 mg, 0.28 mL, 1 eqv) was added and the resulted yellow solution
was stirred at room temperature for 2 h. The formed complex was isolated by
precipitation in hexane. Resulting yellow precipitate was further washed with hexane
and dried under vacuum (202.6 mg, 85 %). ESI-MS (m/z) = 851.3115 ([M-H]-, calcd.
851.3104). FTIR (cm™) = 3215 (w, N-H), 2965 (m, C-H2), 2920 (m, C-H), 2875 (m, N-

H), 1653 (s, C=0), 1355 (m, C-OCH,CHs), and 1073 (s, C-O).

Fe3*DTPA@SiO.. Fe**DTPA-Si; and desired uncoated SiO; nanoparticles were
added to anhydrous pyridine with a final SiO2:Fe**DTPA-Si> mass ratio of 1:3. Formed
suspension was stirred at room temperature overnight. Coated nanoparticles,

Fe3*DTPA@SiO2, were centrifuged and washed with water to remove unreacted
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Fe3*DTPA-Si.. Finally, coated nanoparticles were dried under vacuum. FTIR (cm™") =
3215 (w, N-H), 2965 (m, C-H2), 2920 (m, CH2), 2875 (m, N-H), 1653 (s, C=0), and
1073 (s, C-0); (+)MALDI-ToF (m/z) = 717.291 [C20H24013NsSioFe+Na]* (calcd. =

717.290).

DTPA-Buaz, butyl-derivative bisamide diethyelenetriaminepentaacetic acid.
Synthesis was reproduced from L. L. Ruston et al.8° Diethylenetriaminepentaacetic
acid dianhydride (0.10 g, 0.28 mmol) added in small portions to ice-cold 1-butylamine
(1.4 mL, 14 mmol) under vigorous stirring. Water (1 mL) was added, and the solution
was stirred at room temperature for 24 h. Then the volumen was reduced under
vacuum and obtained yellow oil dissolved in water (5 mL). The solution was acidified
with concentrated HCI to pH 2 and a white precipitate was formed. The solid was
further washed with water (10 mL), acetone (10 mL) and diethyl ether (10 mL) and
then dried under vacuum. (0.11g, 80%). '"HNMR (400 MHz, DMSO-ds): 5=8.02
(quintet, 2 H; NHCH>CH2CH2CH3), 3.42 (s, 2H; NCH2-CO2H central), 3.36 (s, 4 H;
NCH>CO2H terminal), 3.32 (s, 4 H; NCH>CO), 3.01 (quartet, 4 H, NCH>CH2N), 2.92
(quartet, 4H, NCH2CH2N), 2.79 (sextet, 4 H; NCH.CH2CH2>CH3), 1.39 (m, 4 H;
NCH2CH.CH2CH3), 1.30 (m, 4H; NCH2CH2CH.CHs3), 0.87 (t, 6H;
NCH2CH2CH2CHSs) ppm; 3C NMR (100 MHz, DMSO-dg): 8=174.6 (CO2H terminal),
168.4 (CO2H central), 171.2 (CONH), 56.9, (NCH2CONH), 58.0 (NCH2CO2H terminal),
55.4 (NCH2CO2H central), 52.6, 51.1 (NCH2CH2N), 38.7 (NCH>CH2CH2CH3), 31.2
(NCH2CH2CH2CH3), 21.5 (NCH2CH2CH2CH3), 13.4 ppm (NCH2CH2CH2CHj3); (+)ESI-
MS (m/z) = 504.3039 ([M+H']*, calcd. 504.3033). FT-IR (cm™) = 3227 (w, N-H),
2947 (m, C-Hz2), 2866 (m, C-Hz), 1616 (S, C=Oamide), 1555 (s, C=0Oacid), 1375 (m, C-H),
1305 (m, N-CH2CH>CH2CHa).
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Fe3*DTPA-Buaz. DTPA-Buaz (50 mg, 0.1 mmol) was added to an aqueous solution
of FeCls (2 mL, 0.2 M, 0.1 mmol Fe3*, 1 eqv). The solution was diluted to 10 mL and
stirred until all solid was dissolved. Tetrabutylammonium hydroxide (40 % w/w H20)
was added until pH~5 and the solution stirred at room temperature for 1 h. Then, the
volume was reduced and the complex isolated by precipitated after acetonitrile
addition. The yellow solid, Fe3*DTPA-Buaz, was washed with diethyl ether (2 x 10 mL)
and dried under vacuum (53.4 mg, 96 %). ESI-MS (m/z) = 557.2153 ([M+H]", calcd.

557.2148).

DTPA-Amoxz amoxicillin-derivative bisamide diethyelenetriaminepentaacetic
acid. Diethylenetriaminepentaacetic acid dianhydride (0.5 g, 1.4 mmol) was dissolved
in anhydrous pyridine (20 mL) under nitrogen. To the stirred solution, amoxicillin
(Amox, 1.2 g, 3.1 mmol, 2.2 eqv) was added and the resulting solution stirred at room
temperature for 24 h. Then the volume was reduced and the formed oil was dissolved
in water (5 mL) and acidified with concentrated HCI to pH~2 leading to a white
precipitate. The solid was then washed with diethyl ether (2 x 20 mL) and dried under
vacuum (1.35 g, 92 %). "H-NMR (400 MHz, D20) = 7.30 (d, 4H, J = 7.1 Hz, Hg), 6.9
(d, 4H, J = 7.1 Hz, Hc), 5.47 (m, 4H, Hpo + He), 5.43 (d, J = 3.20 Hz, Hc), 4.41 (s, 2H,
Hn), 3.93, (quartet, 4H, 16.2 Hz, H1), 3.79 (s, 2H, H4), 3.72 (s, 2H, Hs), 3.34 (quartet,
J=5.4Hz, 4H, H3), 3.25 (quartet, J = 5.4 Hz, 4H, H3), 1.45 (d 12 H, J = 6.0 Hz, HF +
Hg) ppm; "*C-NMR (100 MHz, D20) = 174.5 (C14), 174.3 (C15), 173.9 (C18), 172.0 (C13),
171.8 (Ce), 170.2 (C22), 156.2 (C1), 129.3 (C2), 127.1 (C3), 127.0 (C4), 72.9 (C12), 66.5

(C7), 57.9 (Cg), 57.5 (Co, C17), 57.1 (C16), 56.9 (Cs), 54.9 (C21), 51.1 (C19), 30.1 (C11),
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26.8 (C10) ppm. ESI-MS (m/z) = 1088.3363 ([M+H]+, caldc. 1088.3341). FT-IR (cm™)
= 3450 (s, N-H), 3541 (s, N-H), 3031 (m, C-Har), 2967 (m, C-Hz), 1779 (s, C=Op.actam),

1682 (s, C=0), 1247 (m, N-C), 736 (m, S-C).

Synthesis of Fe3*DTPA-Amox.. DTPA-Amoxz (50 mg, 0.05 mmol) was added to an
aqueous solution of FeCls (2 mL, 0.1 M, 0.05 mmol Fe3*, 1 eqv). The solution was
diluted to 10 mL and stirred until all solid was dissolved. Tetrabutylammonium
hydroxide (40 % w/w H20O) was added until pH~5 and the solution stirred at room
temperature for 1 h. Then, the volume was reduced and the complex isolated by
precipitated after acetonitrile addition. The yellow solid, Fe3*DTPA-Amoxz, was
washed with diethyl ether (2 x 10 mL) and dried under vacuum (53.4 mg, 96 %). ESI-

MS (m/z) = 1141.2465 (M+H]*, calcd. 1141.2457).

3.5.2. Methodology
Isothermal Titration Calorimetry (ITC). Binding constant of Fe3* with DTPA-Bua:

was determined by ITC in PBS (0.1 M, pH 7.4) at 25 °C titrating a solution of FeCls (30
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mM) into a DTPA-Buaz solution (2.5 mM). Recorded data was fitted using the Malvern

MicroCal PEAQ-ITC V1.41 software.

Antibiotic release studies. Full methodology can be found in chapter 2, section 4.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability

assays. Full methodology can be found in chapter 2, section 4.

Minimal Inhibitory Concentration (MIC) determination. Full methodology can be
found in chapter 2, section 4. Nanoparticles MIC was investigated between 10 mg/mL

and 0.1 mg/mL and molecular conjugates’ between 100 ng/mL and 0.01 ug/mL.

Fe(lll) dependency in bacterial growth. With the aim of studying the effect of media
Fe(lll) content in the growth of bacterial cells, single colonies of bacteria inculated into
MOPs minimal medium with different Fe(lll) concentration (10 uM, 7.5 uM, 3.7 uM, 1.8
uM, 0.6 uM and 20 nM) at 37 °C shacking at 150 rpm. At different time points aliquots
were taken, diluted and plated in LB agar plates to enumerate CFU/mL. Plates were
incubated at 37 °C overnight and CFU/mL calculated. Determined viability is based on

3 biological replicates.
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Bacteria killing kinetics. Bacterial single colonies were incubated in 5 mL of 10 uM
Fe(lll) MOPs overnight at 37°C and 150 rpm. Overnight cultures were centrifuged and
washed twice with PBS buffer (0.1 M, pH 7.4). Then, 1:100 dilution was done in MOPs
medium with standard (10 uM) or limited Fe(lll) concentrations (1.8 uM for S. aureus
and 20 nM for E. coli and P. aeruginosa). Diluted cell suspensions were incubated for
2 h at 37°C and 150 rpm to promote siderophore receptor overexpression. Then, cells
were centrifuged, washed twice with PBS buffer (0.1 M, pH 7.4) and resuspended in
PBS suspension of desired nanoparticles or compounds concentration at MIC.
Suspensions were incubated at 37°C and 150 rpm for 24 h and aliquots were taken at
different time points. Finally, aliquots were diluted, plated in LB agar, incubated
overnight at 37 °C and resulting CFU/mL calculated. Determined viability is based on

3 biological replicates.

Structured illumination microscopy (SIM) imaging. Full methodology can be found

in chapter 2, section 4.

Transmission electron microscopy (TEM) imaging of bacterial cells. . In order to
study the cell-uptake of nanoparticles, overnight cultures in 10 mM Fe(lll) MOPs wre
centrifuged, washed twice with PBS buffer (0.1 M, pH 7.4), resuspended in standard
(10 uM) or limited (1.8 mM for S. aureus strains or 20 nM for E. coli and P. aeruginosa
strains) Fe(lll) MOPs medium and incubated 2 h at 37 °C and 150 rpm. Then, cells
were centrifuged and redisposed in PBS buffer (0.1 M, pH 7.4) containing 2.5 mg/mL
of desired nanoparticles and incubated at 37 °C and 150 rpm for 1 h or 2 h. 1 mL of

incubated cells was centrifuged, washed with PBS (0.1 M, pH 7.4), redispersed in PBS
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containing 4 % glutaraldehyde and incubated 1 h at room temperature. Then, fixed
cells were centrifuged, washed with PBS (0.1 M, pH 7.4) and dehydrated by
subsequent washing with PBS solutions of increasing ethanol concentration (5%, 15
%, 25%, 50%, 75%, 90% and 100%). Finally, fixed and dried cells were placed onto
TEM grids for imaging (Agar Scientific 400 mesh Cu/C coated grids, JEOL 1400 TEM

instrument).
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3.6. Appendix

DTPA-Si2/Fe(lll) C32H62N5014Si2Fe MW=856
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Figure 3.S1. (-)ESI-MS of Fe**DTPA-Sio..
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DTPA-BUA C22H45N5010 MW=502
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Figure 3.S5. FT-IR spectrum of DTPA-Buaa.
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Figure 3.S7. Isothermal Titration Calorimetry (ITC) and fitted data of Fe3**DTPA-Bua:
in PBS buffer (0.1 M, pH 7.4).
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Figure 3.S8. Dynamic light scattering and ¢-potential of coated (A) Fe3*DTPA@SiOz,
(B) Fe**DTPA@SiO2oRu and (C) Fe**DTPA@SiO2oVan in PBS buffer (0.1 M, pH

7.4).

Table 3.S1. Dynamic light scattering (n = 5) and -potential (n = 3) of Fe**DTPA-
coated nanoparticles in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (Dn) / nm C-potential
Intensity Volume Number PDI / mV
Fe3*DTPA@SiO> 97 + 14 907 84 +4 0.14 40+ 4
Fe3*DTPA@SiO2oRu 98 +10 85+ 6 78+ 4 0.16 -34+5
Fe3*DTPA@SiO;oVan 124+24 114118 10112 0.24 20+ 5
Fel*DTPA@SiOoRu-Van 102+21 98+12 95+9 0.21 -14 17
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Figure 3.89. Transmission Electron Microscopy (TEM) images of particle size
distribution (n = 50) of (A) Fe**DTPA@SiO:, (B) Fe**DTPA@SiO2oRu and (C)
Fe3*DTPA@SiO2oVan. Scale bar = 500 nm.
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Figure 3.S10. Representative Scanning electron Microscopy (SEM) and Energy
Disperse X-Ray Scattering (EDS) and elemental quantification of Pt-coated (A)

SiO2oRu-Van and (B) Fe**DTPA@SiO2oRu-Van
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Figure 3.S11. FT-IR spectra of (A) Fe**DTPA@SiO2, (B) Fe**DTPA@SiO.oRu and
(C) Fe**'DTPA@SiO2oVan.
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Figure 3.512. MALDI-ToF (positive mode) spectra of (A) DTPA@SiO., (B)
DTPA@SiO2oRu and (C) DTPA@SiO2oVan before and after Fe3*DTPA-coating. a-
Cyano-4-hydroxycinnamic acid (CHCA) was employed as MADI-ToF matrix.

Table 3.S2. Summary of observed and calculated masses from MADI-ToF spectra
from Figure 3.S12 confirming the attachment of Fe3*DTPA-Si2 complexes.

Peak Formula Observed mass Calculated mass
1 [C20H2409N5Si2Fe+EtOH+H]* 652.889 652.875
2 [C20H24010N5Si2Fe+MeOH+H]* 658.836 658.835
3 [C20H24010N5Si2Fe+EtOH+H]* 669.111 669.124
4 [C20H24012N5Si2Fe+MeOH+H]* 707.505 707.508
5 [C20H24013N5Siz2Fe+Na]* 717.291 717.290
6 [C20H24014N5Si2Fe+MeOH+H]* 723.480 723.477
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Figure 3.S13. Solid-state luminescent spectroscopy of (A) Fe3*DTPA@SiO2DRU (Lexc
= 450 nm) and (B) Fe**DTPA@SiO2oVan (Aexc = 270 nm) and Ru’s luminescence
decay of (C) Fe3*DTPA@SiO2oRu and (D) Fe**DTPA@SiO22RU (hexc = 455 nm, Aem
= 600 nm) before and after Fe3*DTPA-coating.

Table 3.S3. Solid-state photophysical parameters of Ru-containing Fe3*DTPA-coated
nanoparticles (for Amax Aexc = 450 nm and for lifetime measurements Aexc = 455 nm,
Xem = 600 nm).

Amax/nm 11/ us (%) 12/ ps (%) %2
Fe>*DTPA@SiOzoRu 503  3.12(86)  0.85(14) 1.068
Fe*DTPA@SiO;oRu-Van 595 262(85) 027 (15) 1.124
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Figure 3.S15. Thermogravimetric analysis (TGA) of (A) Fe3*DTPA@SiO., (B)
Fe3*DTPA@SiO2oRu and (C) Fe**DTPA@SiO2;oVan. Samples were dried at 120 C

for 1 h before the analysis. Samples were heated at 5 °C/min from 30 °C to 900 °C
under nitrogen atmosphere.

Table 3.S4. Estimation of coating in Fe**DTPA-coated nanoparticles based on TGA
profiles.

mgCompIexlgNPs mmOICompIex/gNPs

Fe3*DTPA@SiO> 57 0.12
Fe**DTPA@SiO,oRu 58 0.12
Fe3*DTPA@SiO;oVan 52 0.10
Fel*DTPA@SiO2oRu-Van 59 0.13
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Figure 3.15. Van release studied from Fe3*DTPA@SiO2oVan. (A) Representative
fluorescence monitoring release of Van (lexc = 270 nm, Aem = 330 nm) at 37 °C and
150 rpm and (B) cumulative Van release graph (n = 3). (C) Comparative Van release
after 18 h at 37 °C upon static conditions or stirring at 150 rpm (n = 3).
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Figure 3.S16. Ru leakage from Ru-containing nanoparticles under static and stirring
(150 rpm) conditions at 37 °C. Ru was quantified by luminescent spectroscopy (Aexc =
450 nm, Aem = 600 Nnm). (n = 3)
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Figure 3.817. (A) Synthesis and (B-E) characterization and [Fe**Ent]>*@SiO.>Ru-
Van. [Fe**Ent]® adsorption onto nanoparticles surface was confirmed by (B) DLS in
PBS buffer (0.1 M, pH 7.4) and (C) {-potential measuring, where a slight increase in
the hydrodynamic size (Dn) of the nanoparticle is observed alongside a change in the
C-potential to more negative values. Furthermore, (D) FT-IR spectroscopy further
evidenced the presence of [Fe3*Ent]*- as stretching associated with the N-H (3434 cm
Tand 3348 cm-"'), C=0 (1758 cm™ and 1636 cm™"), C=C (1524 cm™!, 1224 cm™" and
1330 cm), C-Har (790 cm™™) and N-H (736 cm™) were observed for [Fe**Ent]*
@SiO2oRu-Van. (E) MALDI-ToF mass spectrometry of coated particles also revealed
[Fe3*Ent]? species on the nanoparticles (indicated with arrows). a-cyano-4-hydroxy-
cinnamic acid (CHCA) was employed as MALDI-ToF matrix.
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Figure 3.S18. (A) Synthesis and (B-E) characterization and [Fe3*DTPA-
Buaz]@SiO2oRu-Van. Fe**DTPA-Bua: adsorption onto nanoparticles surface was
confirmed by (B) DLS in PBS buffer (0.1 M, pH 7.4) and (C) C-potential measuring,
where a slight increase in the hydrodynamic size (Dn) of the nanoparticle is observed
alongside a change in the (-potential to more positive values. Furthermore, (D) FT-IR
spectroscopy further evidenced the presence of Fe3*DTPA-Bua; as stretching
associated with the N-H (3600 cm™" and 3271 cm™') C-H (2956 cm™" and 2866 cm™'),
C=0 (1619 cm™ and 1551 cm') and C(O)-N (1222 cm™) were observed for
[Fe3*DTPA-Buaz]J@SiO2oRu-Van. (E) MALDI-ToF mass spectrometry of coated
particles also revealed Fe**DTPA-Bua: species on the nanoparticles finding signals
associated with, [M+H]* (1, observed m/z 559.707, calculated m/z 559.602) and
[M+Na]* (2, observed 582.9187, calculated 582.8956). a-cyano-4-hydroxy-cinnamic
acid (CHCA) was employed as MALDI-ToF matrix.
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Figure 3.19. MTT cell viability assays of A549 cell line incubated with (A)
Fe3*DTPA@SiO.oRu and (B) Fe¥*DTPA@SiO:oVan nanoparticles for 18 h.
Significance was calculated based on 1-way ANOVA followed by Dunnett’s t-test
corrected for multiple comparisons, ns = no significance * = p<0.05, ** p<0.01 and ***

p <0.001, n = 3.
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Table 3.S5. Minimal inhibitory concentration (MIC, mg/mL) of DTPA-Buaz, Fe**DTPA-
Buaz and control nanoparticles for S. aureus (ATCC23851), E. coli (MG1655), A.
baumannii (AYE), K. pneumoniae (ATCC43816R), K. oxytoca (080-KPC CHD), C.
feundii (NCTC9750), S. enterica (SL1344), P. aeruginosa (PA14) and B. cenocepacia

(K57-2, CF isolate) upon shaking at 150 rpm at 37 °C in LB media. Depicted results
are based on 3 biological replicas.

AN 1O 0N N~ 10 O

™ N O N~

S. aureus o - -~ o o o
o O

B. cenocepacia e 2 v <
7A 7A AN O

H o O o O

P. aeruginosa | § § o o B 3
A A Y N«

o o n o

S. enterica © o S 2 N A
7A Tp] — O

. o o o 8 2 9

C. freundii o N S Q@ v <
0 A N AN O

o O o O un o

K. oxytoca o Ao o O N ®©
0 A N U «~— O

. o o o O o o

K. pneumoniae | @ o Qo v X
0 A N U AN O

. o S o O 1w o

A. baumannii = « © o N ¢
7A N U «~— O

o O o O un o

E. coli S « © O N ©

0 A N U «~— O

x >

c N N

= © N N

§ & 3>00

2 Llaa

§: 2839

28 g8s4d

DR - -

8 gf8>8

~ ‘o = - @ ‘o

0O w 00 Ww w

218
Asier Rodriguez Muguruza — December 2023



A) DTPA-Bua,/ pg-mL! Fe*DTPA-Bua,/ ug-mL’

A0 121 24 ABT 295 195 3 78 1% 512 A 4 0+ W 1 W B I I e QW

Vancomycln / ug'mL!
b
8

Vancomycln / ug'mL!
bl
s

FCl < 0.5 < Synergy 4> FCl > 0.5 < Additive or indifference

B) DTPA-Bua,/ pg-mL! Fes'DTPA-Bua,/ pg-mL !

"é i 'é m
3 ™ 3 16
1E 1E
8w 8w
FCl < 0.5 & Synergy Checkerboard unreliable as
[Fe**DTPA-Bua,yc > solubility
CJ DTPA-Bua, [ pg-mL’ Fe*DTPA-Bua, / pg'mL’

Vancomycin / ug'mL!
Vancomycin / ug'mL!

Checkerboard unreliable as Checkerboard unreliable as
[DTPA-Bua,]yc > solubility [Fe**DTPA-Bua,]yc > solubility
Growth

No growth
Growth control
M

Figure 3.S20. Checkerboard assays between DTPA-Bua; and Van and Fe**DTPA-
Buaz and Van for (A) S. aureus (ATCC23851), (B) E. coli (MG1655) and P. aeruginosa
(PA14) in LB media. Depicted results are based on 2 biological replicas.
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Figure 3.21. Quantification of particle internalization in wild-type S. aureus strain after
2 h incubation in PBS buffer (0.1 M, pH 7.4) at 37 °C and mild shaking (150 rpm) by
(A) Manders’ overlapping coefficient and (B) determination of bacterial cells with
internalized nanoparticles based on SIM images under standard (dark red and brown)
and reduced (light red and brown) Fe(lll) conditions. (n=5 for 3 biological replicas).
Statistical analysis performed by t-test; ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.S22. Transmission Electron Microscopy (TEM) imaging of (A) S. aureus, (B)
E. coliand (C) P. aeruginosa cells incubated with different compounds for 2 h in
PBS buffer (0.1 M, pH 7.4). Compounds concentration was estimated from the
concentration of each component in 2.5 mg/mL of DTPA- or Fe**DTPA-coated
nanoparticles.
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Figure 3.S23. Representative structural illumination microscopy images (n = 3) of S.
aureus mutant cells incubated with SiO2DRu-Van and DTPA@SiO2:oRu-Van
nanoparticles ([NPs] = 2.5 mg/mL) for 1 h in PBS buffer (1 mM, pH 7.4) at 37 °C under
mild shaking (150 rpm) after 2 h incubation in standard (10 uM) and reduced (1.8 uM)
Fe(lll) MOPS media. Images show overlay of channels depicting the bacterial cell
outline (blue) and particle luminescence (red). Blue channel, Hoechst H33342 (Aexc =
405 nm, Aem =410 — 455 nm) and red channel, Ru emission (Aexc =455 nm, Aem = 580
— 620 nm).
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Figure 3.S24. Representative structural illumination microscopy images (n = 3) of E.
coli mutant cells incubated with SiO2DRu-Van and DTPA@SiO2:oRu-Van
nanoparticles ([NPs] = 2.5 mg/mL) for 2 h in PBS buffer (1 mM, pH 7.4) at 37 °C under
mild shaking (150 rpm) after 2 h incubation in standard (10 uM) and reduced (20 nM)
Fe(lll) MOPS media. Images show overlay of channels depicting the bacterial cell
outline (blue) and particle luminescence (red). Blue channel, Hoechst H33342 (Aexc =
405 nm, Aem =410 — 455 nm) and red channel, Ru emission (Aexc =455 nm, Aem = 580
— 620 nm).
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Figure 3.S25. Representative structural illumination microscopy images (n = 3) of P.
aeruginosa mutant cells incubated with Fe3*DTPA@SiO2>Ru nanoparticles ([NPs] =
2.5 mg/mL) for 2 h in PBS buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150
rom) after 2 h incubation in standard (10 uM) and reduced (20 nM) Fe(lll) MOPS
media. Images show overlay of channels depicting the bacterial cell outline (blue) and
particle luminescence (red). Blue channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410
— 455 nm) and red channel, Ru emission (Aexc = 455 nm, Aem = 580 — 620 nm).
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Figure 3.526. Representative structural illumination microscopy images (n = 3) of
wild-type (A) S. aureus, (B) E. coli and (C) P. aeruginosa cells incubated with
Fe3*DTPA@SiO2oRu nanoparticles ([NPs] = 2.5 mg/mL) for 1 h for S. aureus and 2
h for E. coli and P. aeruginosa in PBS buffer (1 mM, pH 7.4) at 37 °C under mild
shaking (150 rpm) after 2 h incubation in standard (10 uM) and reduced (1.8 uM or 20
nM) Fe(lll) MOPS media. Images show overlay of channels depicting the bacterial cell
outline (blue) and particle luminescence (red). Blue channel, Hoechst H33342 (Aexc =
405 nm, Aem =410 — 455 nm) and red channel, Ru emission (Aexc =455 nm, Aem = 580
— 620 nm).
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Figure 3.27. Quantification of Fe**DTPA@SiO2oRu nanoparticles internalization in
wild type S. aureus, E. coli and P. eruginosa strains after 2 h incubation in PBS buffer
(0.1 M, pH 7.4) at 37 °C and mild shaking (150 rpm) by (A) Manders’ overlapping
coefficient and (B) determination of bacterial cells with internalized nanoparticles
based on SIM images under standard (dark red and brown) and reduced (light red and
brown) Fe(lll) conditions. (n=5 for 3 biological replicas). Statistical analysis performed
by t-test; ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
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S. aureus E. coli P. aeruginosa

Figure 3.528. Representative structural illumination microscopy images (n = 3) of
wild-type (A) S. aureus, (B) E. coli and (C) P. aeruginosa cells incubated with
[Fe3*DTPA-Buaz]J@SiO2oRu-Van and [Fe3*Ent]*@SiO2oRu-Van nanoparticles
(INPs] = 2.5 mg/mL) for 1 h for S. aureus and 2 h for E. coli and P. aeruginosa in PBS
buffer (1 mM, pH 7.4) at 37 °C under mild shaking (150 rpm) after 2 h incubation in
standard (10 uM) and reduced (1.8 uM or 20 nM) Fe(lll) MOPS media. Images show
overlay of channels depicting the bacterial cell outline (blue) and particle luminescence

(red). Blue channel, Hoechst H33342 (Aexc = 405 nm, Aem = 410 — 455 nm) and red
channel, Ru emission (Aexc = 455 nm, Aem = 580 — 620 nm).

[Fe*'DTPA-Bua,]J@SiO, DRu-Van

[Fe*'Ent]** @Si0,oRu-Van
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Figure 3.529. Quantification of particle internalization in wild type S. aureus, E. coli
and P. eruginosa strains after 2 h incubation in PBS buffer (0.1 M, pH 7.4) at 37 °C
and mild shaking (150 rpm) by (A) Manders’ overlapping coefficient and (B)
determination of bacterial cells with internalized nanoparticles based on SIM images
under standard (dark red and brown) and reduced (light red and brown) Fe(lll)
conditions. (n=5 for 3 biological replicas). Statistical analysis performed by t-test; ns
p>0.05, * p <0.05, ** p<0.01, *** p<0.001.
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Figure 3.530. 'THNMR (400 MHz, D20) of Amox (blue) and DTPA-Amox: (black).
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Figure 3.S31. COSY "H-NMR (400 MHz, D2O) of DTPA-Amoxa.
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Figure 3.S32. HSQC (400 MHz, D20) spectrum of DTPA-Amoxa..
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Figure 3.S33. HMBC (400 MHz, D2O) spectrum of DTPA-Amoxa.
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Figure 3.S34. (+)ESI-MS of DTPA-Amox:. (B) comparison between observed and
theoretical isotope pattern.
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Figure 3.S35. FT-IR spectra of DTPA-Amoxa.
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Figure 3.S36. ESI-MS (+) of Fe3*DTPA-Amoxa.
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Table 3.S6. Minimal inhibitory concentration (MIC, mg/mL) of DTPA-Amoxz
Fe3*DTPA-Amox: for S. aureus (ATCC23851), E. coli (MG1655) and P. aeruginosa

(PA14) upon shaking at 150 rpm at 37 °C in LB media. Depicted results are based on
3 biological replicas.

S.aureus E.coli P.aeruginosa
DTPA-Amox: 2.4 47.6 95.3
Fe3*DTPA-Amox: 0.6 6.2 6.2
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4. SPIROPYRAN-CONTAINING

PHOTORESPONSIVE

ORGANOSILICA NANOPARTICLES

FOR ANTIBIOTICS DELIVERY IN

URINARY TRACT INFECTIONS

4.1.Introduction

4.1.1. Catheter Associated Urinary Tract Infections
Catheters are silicone or latex based medical devices used to treat numerous
conditions where the drainage of internal fluids is required. Most catheters are used in
order to treat conditions related to bladder dysfunction and manage of urine output.’
Moreover, urinary catheters are the source of most of bacterial infections produced
due to catheters use. Apart from bacterial infections, the use of catheters may also
produce nonbacterial urethral inflammation, urethral strictures, mechanical trauma,

and mobility impairment.?3

Infections arising from the use of indwelling biomedical devices cause an indisputable
increase in morbidity and mortality, including patient discomfort and high medical
cost.? Bacteria may migrate from adjacent tissues, leading to biofilms formation. In
fact, according to UK’s National Health systems’ (NHS) data, an average of £10,000
per patient are used to treat catheter-associated urinary tract infections (CAUTIs).*

However, bacteria colonization of the urinal tract may not manifest any symptoms, but
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can couse asymptomatic bacteriuria.® Risk of CAUTI increases with the time of use of
catheters; thereby, long-term users (c.a. more than 2 week), mostly patients with
severe conditions or in community or nurse care home settings, will be more likely to
suffer from these infections; being also one of the most vulnerable patient groups.’

The most common bacterial species isolated from CAUTI patients are those naturally
present in the patient’s natural bacterial flora or from the hand of healthcare personal;
these organisms include Escherichia coli, Proteus mirabilis and Pseudomonas,
Klebsiella, Enterobacter genus bacteria or Candida fungus. Furthermore, isolated

Gram-negative bacteria usually present multidrug resistance.®

4.1.2. Nanotechnology against catheter-associated UTIs

CAUTI treatment is mainly focused for short-term treatments, as long-term infections
associated with catheterisations are almost impossible to fully treat.” In fact, most trials
related to the use of antimicrobial agents conclude the same: antimicrobial compounds
are effective for short-term treatments, but in case on long-terms treatments,
bacteriuria and UTIl can be suppressed temporarily, but resistant flora eventually
appear.3® Resistant bacteria are able to overcome the antibiotic action and due to the
constant nutrient flow, bacteria with antibacterial resistance may grow.® Moreover,
some of most common commercialised antimicrobial compounds are not indicated for
long-term use.™

Prevention of CAUTI using nanotechnology has mainly focused on the modification of
the catheter surface for prevention of biofilm formation and/or in-situ antibiotic delivery

(Figure 4.1).11-13
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Figure 4.1. Scheme of CAUTI prevention by (A) catheter antifouling surface
modification and (B) in-situ drug delivery from catheter’s surface.

Prevention of biofilm formation has been achieved in catheter surfaces by modification
with polymer brushes (polymer chains tethered to a surface) to increase surfaces’
hydrophobicity.” For instance, polydopamine coating was applied over silicone-based
catheters, for further conjugation of lysine and a-aminoisobutyric acid with
polydopamine resulted in coatings with increased antifouling properties.™
Furthermore, hydrophobicity of polydopamine was further increased by conjugation
with the hydrophobic perfluorodecanethiol.’™ Results proved the antifouling ability of
the coating using E. coli and B. subtilis as model organisms.'*'% Similarly, anionic and
cationic polymer brushes conjugated with dopamine were synthetized and then
conjugated to the surface, preventing S. aureus addeshion.'®

Most catheter coatings for drug delivery are based on functionalization of polymer
brushed where the antibiotic of interest is entrapped. The presence of polymer brushes
also enhances the antifouling properties of the surface. Nevertheless, this strategy
leads to burst and uncontrolled release of antibiotics, not been adequate for long-term
catheterizations."” Hydrogels have also been deposited onto hydrophobic surfaces in
catheter devices. Release of antibacterials such as vancomycin and antimicrobial

peptides has been achieved through this approach.'® Nevertheless, the bacterial

243
Asier Rodriguez Muguruza — December 2023



species that mainly colonize catheters are Gram-negative bacteria, and vancomycin
is not active against them.' Deposition of AgNPs also resulted in catheters with
antibacterial properties due to the leakage of Ag* ions."%:20-22

Catheters have also been coated with nanoparticles containing antibiotics. Catheter
coated with polymer nanoparticles containing chlorhexidine displayed antibacterial
activity against E. coli and S. aureus species over 10 days since catheterization.?®
Similarly, other molecules with antibacterial properties such as resveratrol and
quercetin have been release from polymer nanoparticle-coated catheter surfaces
under dynamic flow conditions.?* Wu et al. reported the surface functionalisation of a
silicone-based cardiovascular catheter with agarose and heparin loaded mesoporous
silica nanoparticles (MSNs). Nanoparticles were covalently anchored onto the surface.

E. coli and S. aureus attachment inhibition was confirmed due to heparin release.?®

4.1.3. Photoresponsive silica nanoparticles for drug delivery
Due to the chemical versatility of SiO2, triggered drug delivery systems have been
widely studied in order to develop DDS to deliver the desired cargo on demand. One
of the main triggers studied has been light. Three different approaches have been
followed in the literature for the design of photoresponsive silica-based DDS:
conjugation of photoresponsive pore valves or nanoimpillers in case of MSNs and
development of non-porous SiO2 with photocleavable bonds for their

photodegradation (Figure 4.2). 2627
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Figure 4.2. (A-C) Scheme for different strategies for the development of
photoresponsive silica nanoparticles for drug delivery. (D) Scheme of cyclodextrin-
capped dye loaded MSNs adapted from Zink and co-workers.?8 (E) Chemical structure
of photoresposive silica precursors where the photoconversion of the ammonium
group to imine upon blue light irradiation adapted from Y. Fatieiev et al.?®

MSNs’ pores have been blocked with photoresponsive gates to control the burst
release of cargos (Figure 4.2A). 39-32 Cyclodextrins has been widely employed as pore
gates due to their host-guest properties and large size of their inner cavity. MSNs’
surface has been modified with azobenzene-containing brushes where the
cyclodextrin can complex, being the azo-compounds the guest structure within the
cyclodextrin cavity. The large volume of the resulting complex prevents the release of
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loaded cargos. However, upon light irradiation (green light), frans-to-cis isomerization
of the azo compounds leads to cyclodextrin decomplexation and release of the
cargo.3%-32 Similarly, cyclodextrins have be conjugated onto MSNs surface via
disulphide bonds, cleavable by two-photon induced energy transfer (Figure 4.2D).?8
Furthermore, photocleaving of guest surface stack has been also widely reported as
strategy for gate opening.3® Finally, cyclodextrin-decorated AuNPs have been added
on to MSNs’ surface. Upon irradiation, isomerization of the guest structure within the
cyclodextrin cavity lead to AuNPs dissociation and cargo release.3* Most of the
reported studies were performed using dyes as cargo. Release of drugs such as
anticancer3®37 or anti-inflammatory®¥3° have also been explored from
photoresponsive silica nanoparticles. However, none of the reported systems has

been applied for the delivery of antibiotics.

Another reported approach is the design of silica nanoparticles with photoresponsive
building units. Silyl-derivatives of azobenzene have been anchored within the MSNs’
pores. The azobenzene moieties worked as nanoimpillers upon irradiation, leading to
enhanced cargo release (Figure 4.2B).%%?> Nevertheless, the introduction of
photoresponsive building units within the framework of SiO2 is very limited in the
literature and mainly focused on the structural properties of the resulting nanomaterials
(Figure 4.2C). Fatieiev et al. reported a hollow SiO2 nanoparticle composed by o-
nitrophenylene—ammonium bridges. The presence of these bridges resulted in an
overall positive surface charged nanoparticle (+46 mV) where negatively charge DNA
could be loaded within the surface via electrostatic interactions. Upon irradiation (365
nm) the ammonium moiety photoconverted into a neutral imine, changing the overall
particle surface charge to -39 mV releasing the surface-interacting DNA (Figure

4.2D).?° Beside this system, other organosilica nanoparticles containing o-nitrobenzyl
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groups have been developed and their degradation confirmed upon irradiation (320

nm).43

4.1.4. Spiropyran-containing silica nanoparticles
Photoswitches are molecules that are able to change their conformation upon
irradiation, in a reversible way. Spiropyrans are unique photoswitches that have
attracted the interest of the scientific community due to their unique photophysical
properties, versatility and biocompatibility.#44> In contrast with other well-known
photoswitches, such as, azobenzenes or stilbenes, spiropyrans displayed unique
isomers with vastly different properties (Figure 4.3). Furthermore, spiropyran
isomerization can be driven by a large number of stimuli, including, light, temperature,

solvents, metal cations or redox potential, among others.**

Figure 4.3. General chemical formula of spiropyrans and the different isomers.
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The closed form of spiropyran will be donated as SP, while the open isomer
(merocyanine) will be abbreviated as MC. Furthermore, the MC isomer can be
protonated, leading to the H*MC form (Figure 4.3). Similarly, due to the C=C double
bond in the MC isomer, E-MC and Z-MC isomers can be defined, as well as the E-
H*MC and Z- H*MC isomers. SP-to-MC isomerization takes place upon UV irradiation
and its reverse isomerization upon visible light (> 360 nm).** Due to the chemical
versatility of spiropyrans, functionalization of the aromatic moieties can be employed

to tune wavelength requited for isomerization.*

Spiropyrans have been included in a multitude types of materials, as previously
reviewed.*”*® In case of silica-base materials, the majority of reported systems are
based on the direct encapsulation of the spiropyran molecule within the SiO2
framework during the nanoparticle formation.4®->' Such systems have been explored
as nanothermometers due to the thermoresponsive behaviours of the photoswitch.>?
Furthermore, a very interesting feature of such materials is the negative
photochromism.%%:51.53 While usually, the primary form of the spiropyran is the SP,
which isomerized in the MC upon UV irradiation; when it is embedded in the SiO2
framework, the MC form is stabilized through H-bonding between the molecule and
the hydroxyl groups of the framework. The resulting stabilised MC form is able to
isomerized to the SP form upon visible light irradiation, returning then to the MC form

spontaneously.

Furthermore, silyl-functionalised spiropyran molecules (Figure 4.4) have been
anchored to the silica framework of nanoparticles and xerogels.>*°¢ Euchler et al.
reported a xerogel containing the silyl-modified spiropyran where they managed to

prevent the negative photochromism by employing dimethyldiethoxysilane (DMDES)
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as framework precursor instead of the pure silica precursor triethoxysilane (TEOS);

which yielded to a hydrophobic framework with lower density of hydroxyl groups.>*

H
R: /\/O\rrN\/\/SI(OEt)g

(o]
H .
R: WNWSl(OEt)s

0

Figure 4.4. Chemical structure of previously reported silyl-modified spiropyran,
adapted from Euchler et al.>* and Allouche et al.®®

Nevertheless, the use of spiropyran-containing SiO for drug delivery is very limited in
the literature. Chen et al. reported the functionalization of MSNs containing fluorescein
with APTES-modified spiropyran. The final system displayed a hydrophobic surface
that prevented cargo release. Upon UV irradiation the surface SP isomerized to the
hydrophilic MC form, allowing the cargo to be released.>® The same principle was
followed by He et al. for the delivery of the anticancer drug doxorubicin but using pH
as triggering stimuli.®° To our knowledge photoresponsive spiropyran-based antibiotic

delivery systems have not been reported in the literature.

4.1.5. Chapter outline
In the current chapter the development of spyropiran-containing nanoparticles for the
photoresponsive delivery of the first line UTI antibiotic trimethoprim (TMP) is explored
(Figure 4.5). Optimization of the nanoparticle framework is investigated in order to
obtain nanoparticles with high photoswitch content. Furthermore, the effect of
hydrophobicity of the framework was studied. The antibacterial properties of

nanoparticles were evaluated against a range of E. coli UTI clinical isolates. Hereby,
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we present the first photoresponsive non-porous silica nanoparticle for antibiotic
delivery, supposing a step forward for light responsive coating of clinical long-term

catheters.

Figure 4.5. Schematic representation of developed photoresponsive nanoparticles a
light-triggered antibiotic release.

4.2.Results and discussion
4.2.1. Synthesis of the photoresponsive silica precursor
The photoresponsive bridged-silyl derivative (Si-SP-Si, Figure 4.6) was designed to
contain two silyl-moieties that could lead to a SiO2 framework with organic bridges
between Si atoms. The synthesis of Si-SP-Si was developed by Daniel Cerasale, PhD
student in Dr. Timothy Easun group. The full synthetic scheme and characterization of

the Si-SP-Si precursor can be found in Figure 4.S1-S5.
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Figure 4.6. Structure of the photoresponsive Si-SP-Si precursor.

4.2.2. Optimization of SP-content in phoresponsive nanoparticles
We first wanted to find the how much SP can be in the nanoparticles without affecting
their polydispersity and colloidal stability, and its effect in particle size and morphology.
Si-SP-Si has never been explored in the literature, but spiropyran with a single APTES
functionalization in the nitrogen atom of the indoline ring has been previously grafted
within the SiO2 framework.%*5561 Previous work reported the initial content of the SP
between 0.2 % and 2 % molar ratio respect to the silica precursor TEOQS.5*62
Nevertheless, if the content of the SP can be increase, and what effect could it have
in the nanoparticles was investigated. Thereby, the synthesis of SiO2 nanoparticles
with initial SP content of 0.2 %, 2 % and 5 % (molar ratio respect to TEOS) was
explored. Above concentration of 5 %, the Si-SP-Si precursor was not soluble in the
synthesis conditions. SP-SiO2 particles were synthetised based on a one-pot strategy
previously described (Figure 4.7).5% Particles only synthetised with TEOS were

employed as control (SiO2).

o 2 Si(OEt), Lo
(EtO)gsi/\/\u O - HN . /\0_5',:.0/\ EtOH, NH,OH, H,0
N O Y Ok rt, 3h
Si-SP-Si TEOS

SP-Si0,

Figure 4.7. Synthesis scheme of SP-SiO..
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SP-SiO particles were first studied by DLS (Table 4.1 and Figure 4.S6) and TEM
microscopy (Figure 4.8) to investigate their resulting size, morphology, and

polydispersity.

DLS analysis revealed that the presence of Si-SP-Si reduced particle size, with a
reduction in the hydrodynamic size of the particles when the initial content of Si-SP-Si
was increased up to 2 %. While pure TEOS particles showed a hydrodynamic size
(by volume) on 99 £+ 30 nm, the use 0. 2 % Si-SP-Si did not significantly change the
size of nanoparticles. Nevertheless, hydrodynamic size of nanoparticles decreased to
55 £ 18 nm with 2 % Si-SP-Si. Similarly, nanoparticle synthetized with initial 5 % Si-
SP-Si display similar hydrodynamic diameter to those synthetized with 2 % Si-SP-Si.
All nanoparticles display similar C-potential values around -30 mV, indicating that the

presence of SP does not influence their colloidal stability.

Table 4.1. Dynamic light scattering (n = 5) and C-potential (n = 3) results of SP-SiO2
nanoparticles in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (D) / nm C-potential
SP/% Intensity Volume Number PDI / mV
0 115+24 99+30 84+10 0.03 -32+ 11
0.2 108+31 93+20 75+10 0.08 317
2 69 + 20 55+18 41+11 0.14 -28+8
5 70 £ 27 53 + 21 38+12 0.15 -28+9

TEM micrographs of particles (Figure 4.8) revealed spherical morphology
nanoparticles. SP-SiO2 nanoparticle’s size also decreased upon addition of Si-SP-Si

precursor. Nevertheless, all particles displayed good monodispersity.
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Figure 4.8. Transmission Electron Microscopy (TEM) images of SP-SiO:
nanoparticles synthetised with initial (A), 0 % (B) 0.2 %, (C) 2 % and (D) 5 % of Si-SP-
Si, and nanoparticle size distribution (n = 50) based on TEM images.

Then, the composition of nanoparticles was explored by FT-IR (Figure 4.S8) and solid-
state UV/Vis spectroscopy (Figure 4.9A). FT-IR confirmed the presence of the
photoswitch moieties based on the C-H bendings and stretching observed at 2971 cm-
12925 cm™ and 2879 cm™' alongside the carbonyl stretching of the amide at 1629 cm-
' (Figure 4.S8). Nevertheless, FT-IR spectra were dominated by the Si-O-Si and Si-
OH stretches. Furthermore, based on solid-state UV/Vis spectroscopy, SP-containing
nanoparticles displayed four absorption bands cantered at 235 nm, 295 nm, 430 nm
and 525 nm. The high energy bands at 235 nm and 295 nm were assigned to the
closed form of the photoswitch (SP), as compared with the UV/Vis spectra of Si-SP-
Si in solid-state (Figure 4.S14) and the simulated UV/Vis profile of SP and MC (Figure
4.S15), while the bands at 430 nm and 530 nm were assigned to the open H*MC and
MC forms, as previously reported in the literature.*®¢4 The bands assigned to the open
forms of the SP were not present in the Si-SP-Si precursor. H-bonding and n—n
stacking between spiropyran molecule in solid-state prevent their isomerization into
the MC and H*MC forms.** Nevertheless, it has been previously reported the

spontaneous isomerization of the SP form into the MC form in SiO2 matrices due to
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the H-bonding between the framework and the photoswitch, stabilizing it and locking
the photoswitch in the MC form.5".%5 The H*MC form is the result of the MC protonation

by the SiO2 framework, which is slightly acidic.%6°

The SP-SiO2 nanoparticle with initial 5 % Si-SP-Si was chosen for further studies as
is displayed the highest content of the photoswitch (based on UV/Vis) alongside good

polydispersity and colloidal stability.
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Figure 4.9. Solid-state UV/Vis spectra of (A) SP-SiO2 nanoparticles synthetised with
different initial concentrations of Si-SP-Si and solid-state UV/Vis of selected SP-SiO2
after (B) acidic treatment and (C) solvent exchange with hexane. Inserts are
photographs of the particles before UV/Vis measurements.

We further explored the UV/Vis profile of the selected SP-SiO2 nanoparticles to
confirm that the 430 nm band was associated with the H*MC form and that the
formation of the open MC and H*MC forms is driven by H-bonding with the framework.
SP-SiO2 nanoparticles were subjected to acidic treatment by dispersion in aqueous
concentrated HCI solution (6 M). Pink particles quickly turned bright yellow (Figure
4.9B insert) and after centrifugation and drying, solid-state UV/Vis spectroscopy
releveled an increase in the 430 nm band (212 %) and the disappearance of the
530 nm band associated with the unprotonated MC form (Figure 4.9B); confirming that

the 430 nm band correspond to the H*MC form. Furthermore, SP-SiO2 nanoparticles
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were subjected to solvent exchanged, first with acetone to removed remaining water
from the purification procedure, and then centrifuged and resuspended in hexane.
Particles lost most colour, turning into pale pink (Figure 4.9C insert). Solid-state UV/Vis
profile of the nanoparticles also revealed a significant decrease of the 430 nm (71 %)
and 530 nm (49 %) bands and a small increase of the 235 nm and 295 nm bands;
suggesting that a fraction of the open forms was converted into the close SP form due

to the reduction of potential H-bonds.

4.2.3. Effect of hydrophobicity in SP
We further explored the effect of the nanoparticle framework in the isomerization of
the included photoswitch by increasing the hydrophobicity of the framework (SP-
HSiO2). Encapsulation and anchoring of spiropyran molecules into SiO2 framework
with increase hydrophobicity has shown stabilization of the SP form over the open MC
and H*MC forms.*®5* For this, dimethydiethoxysolane (DMDES) was employed
alongside TEOS and Si-SP-Si in the synthesis of the nanoparticles (Figure 4.10). The
content of DMDES was increased from 5 % to 90 % respect to TEOS, always keeping
the molar ratio between Si-SP-Si and the other precursors (TEOS and DMDES) to
5%. An acidic hydrolysis of DMDES before the addition into the reaction was required,

due to its slower base-catalysed hydrolysis, as previously reported.5®
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Figure 4.10. Synthetic scheme of SP-HSIiO:

Resulting nanoparticles were analysed by DLS (Figure 4.S9) and their surface (-
potential (Figure 4.S9) determined (Table 4.2). Based on DLS results, upon addition
of DMDES resulting nanoparticles hydrodynamic diameter increase, compared with
SP-SiO2 nanoparticle, was observed alongside a decrease in their (-potential.
Regarding the ¢-potential measurements, SP-HSiO2 with 50 % and 90 % of initial
DMDES displayed low colloidal stability in PBS buffer (0.1 M, pH 7.4) with C-potential
values of -8 £ 5 mV and -3 £ 4 mV; attributed to the presence of methyl groups within
the SiO2 framework. Nevertheless, SP-HSiO2 particles with initial 5 % and 25 %
DMDES still presented colloidal stability with C-potential values of - 25 + 7 mV and -19
+ 5 mV, respectively. Furthermore, colloidally stable SP-HSiO2 nanoparticles (5 % and
25 % DMDES) displayed a hydrodynamic diameter (by volume) of 71 £ 22 nm and
122 + 22 nm, bigger than SP-SiO2 nanoparticles (53 £ 21 nm). TEM analysis (Figure
4.510) of colloidally stable particles revealed spherical particles with average diameter

(n=50)0of 79 £ 4 nm and 87 £ 7 nm for 5% and 25 % DMDES, respectively.
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Table 4.2. Dynamic Light Scattering (n = 5) and (-potential (n = 3) measurements of
SP-HSiOz in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (Du) / nm C-potential
DMDES /% Intensity Volume Number PDI I mV
5 81+25 71+22 62+18 0.13 257
25 132+25 122+22 91+18 0.15 -19+5
50 151+30 140+26 110+25 0.50 -8+5
90 155+49 155+39 130+32 048 -2+4

Further characterization was performed in order to confirm the presence of DMDES
and the structure of the photoswitch. Due to the presence of C-H stretches from the
Si-SP-Si, FTI-IR analysis (Figure 4.S11) was not able to confirm the presence of

DMDES moieties.
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Figure 4.11. Solid state UV/Vis spectra of SP-HSiO2 nanoparticles with different initial

content of DMDES.

Solid-state UV/Vis of resulting nanoparticles (Figure 4.11) showed a significant
difference with SP-SiO2 nanoparticles. 5% SP-HSiO2's spectra showed 5 bands

centred at 235 nm, 295 nm, 380 nm, 430 nm and 530 nm. However, the band at

257
Asier Rodriguez Muguruza — December 2023



430 nm, assigned to H*MC, decreased in intensity compared to SP-SiO2, while the
MC band (530 nm) increased (F(R)@430nm/F(R)@530nm = 0.48 compared with 1.39
for 0 % DMDES). This change was associated with the increase in the hydrophobicity
of the framework, that could prevent the protonation of the MC form but not the SP-fo-
MC isomerization. Nevertheless, upon increase of DMDES percentage a decrease in
all bands associated with the open forms was observed (F(R)@430nm/F(R)@530nm
=1.27) . The change in the UV/Vis profile was attributed with the hydrophobicity of the
framework that prevented the protonation of the MC form and the stabilization of the
MC form within the framework. Furthermore, a decrease in the SP bands was

observed, which indicated lower content of photoswitch in the particles.

Based on these results, initial 25 % DMDES was chosen as optimal conditions as
produced nanoparticles were colloidally stable while displaying the biggest decrease

in the MC and H*MC forms.

4.2.4. Synthesis and characterization of TMP-containing nanoparticles
TMP inclusion in selected nanoparticles was achieved by addition of TMP during the
nanoparticle formation, as previously reported,®” 68 leading to SP-SiO.>TMP and SP-
HSiO2oTMP nanoparticles. Similarly, control particles without Si-SP-Si, SiO2>TMP

and HSiO2o>TMP were synthesised following the same methodology.

4.2.41. Size and morphology
First, nanoparticles were investigated by DLS (Table 4.3, Figure 4.S12 and Table S.1)
and TEM microscopy (Figure 4.12 and Figure 4.S13). DLS analysis of particle

revealed nanoparticle’s hydrodynamic diameter (by volume) to be 84 + 32 nm (PDI =

258
Asier Rodriguez Muguruza — December 2023



0.09) for SP-SiO2oTMP and 99 £ 34 nm (PDI = 0.15) for SP-HSiO2o>TMP with good
monodispersity. Moreover, nanoparticles displayed a (-potential of -34 + 7 mV for SP-
SiO2>TMP and -35 + 10 mV for SP-HSiO2o>TMP, highlighting their high colloidal
stability. The decrease in the {-potential value upon inclusion of TMP was associated

with the presence of TMP molecules close to the surface.

TEM images of particles (Figure 4.12) revealed spherical-shape nanoparticles with
average size of 78 £+ 9 nm for SP-SiO2>TMP (n = 50) and 83 + 9 nm for SP-
HSiO2oTMP (n = 50). Similarly, estimated diameters are bigger than SP-SiO2 (36 £ 5
nm) and SP-SiO2 (50 £ 6 nm) and was associated with the presence of TMP during
the particle formation. Control nanoparticles also exhibited sub-100 nm diameter with

high monodisperisty and spherical shape (Figure 4.513 and Table 4.S1).

Table 4.3. Dynamic Light Scattering (n = 5) and {-potential (n = 3) measurements of
TMP-containing photoresposive nanoparticles in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (Du) / nm C-potential
Intensity Volume Number PDI /| mV
SP-SiO02.oTMP 108 + 40 84 + 32 62+ 18 0.09 -34+7
SP-HSiO2oTMP 168 £ 95 99 + 34 78 + 32 0.15 -35+ 10
259

Asier Rodriguez Muguruza — December 2023



A)

’ —_—— 0 20 40 60 80 100 120
Diameter / nm

% %
O 4

20 40 60 80 100 120
Diameter / nm

Figure 4.12. Transmission Electron Microscopy (TEM) images and particle size
distribution (n = 50) of (A) SP-SiO2>TMP and (B) SP-HSiO2oTMP.

4.2.4.2. Composition of TMP-containing nanoparticles
Furthermore, the composition and presence of TMP was analysed by solid-state
UV/Vis spectroscopy (Figure 4.13). The UV/Vis spectra of SP-SiO2>TMP revealed
four absorption bands with maximum at 235 nm, 295 nm, 380 nm and 537 nm. While
the 235 nm and 295 nm bands were assigned to the close SP form of the photoswitch,
the bands at 380 nm and 537 nm to different forms of the open MC isomer.
Interestingly, the band at 430 nm previously observed in SP-SiO2, corresponding to
the H*MC form was not observed. This difference was associated with the TMP H-
bonding with the photoswitch and preventing its protonation. In fact, it is very well
known the ability of TMP to stablish H-bonds as it is its mode of interactions with the

active site of the target dihydrofolate reductase.®®

However, the absorption band of TMP (283 nm) could not be observed, due to the

overlapping with the SP band at 295 nm. Similarly, SP-HSiO2>TMP showed the same

260
Asier Rodriguez Muguruza — December 2023



bands alongside the band at 430 nm from the H*MC form. All bands displayed a lower
intensity which was associated with the lower content of photoswitch. The absorption
band of TMP could not be identified, for the same reason that in case of SP-
SiO2OTMP. Furthermore, the ratio between the SP (285 nm) and MC (535 nm) bands
in SP-SiO2>TMP (2.1) is lower than in case of SP-HSiO2oTMP (8.0), as previously
observed for photoresponsive particle with no TMP. The higher hydrophobicity of the
framework would allow the SP form to remain closed as the H-bonds between the

framework and the photoswitch.

Control SiO2>TMP and SiO2oTMP nanoparticles displayed the characteristic TMP

absorption band at 283 nm in solid-state (Figure 4.S16).
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Figure 4.13. Solid-state UV/Vis spectra of (A) SP-SiO2>TMP and (B) SP-
HSiO2.oTMP.

Furthermore, other materials characterization techniques such as fluorescence
spectroscopy (Figure 4.14) and MALDI-ToF mass spectrometry (Figure 4.S19) were
employed to further evidence the presence of TMP. FT-IR spectroscopy confirmed
presence of TMP based on the amine N-H stretching at 3460 cm™ (Figure 4.517).

However, MALDI-ToF mass spectrometry of nanoparticles (Figure 4.S19) confirmed
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the presence of TMP as signal associated with the [TMP+H]* and [TMP-OMe+2Na*]*

species were detected.

A) —— TMP B) 633 nm_640 nm ——SP-sio, C) SP-HSIO,
4 —— SP-Si0,S>TMP
SP-HSiO,o>TMP
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Figure 4.14. Solid-state fluorescence emission of (A) TMP (Aexc = 280 nm) and MC
(Aexc = 530 nm) from (B) SP-SiO2 and SP-SiO2o>TMP and (C) SP-HSiO2 and SP-
HSiO2oTMP.

We took advantage of the fluorescence properties of TMP and MC to explore the
influence of the presence of TMP within the framework. Powder TMP displayed an
emission with Amax = 343 nm upon excitation at 280 nm, while powder Si-SP-Si did not
display any emission in that A range. Control SiO2>TMP and HSiO2>TMP
nanoparticles displayed an emission band at 329 nm upon excitation at 280 nm (Figure
4.S20). The blue shifts observed could be attributed to the inclusion of the antibiotic
within the framework as previously described with another fluorescence
antibiotics.?”.%8 SP-Si0,>TMP and SP-HSiO,>TMP displayed TMP emission bands
at 367 nm and 365 nm, upon excitation at 280 nm (Figure 4.14A). Interestingly, a red
shift respect to solid-state TMP was observed, which could be due to different types
on interactions between TMP and the framework. Previous emission studies of
compounds containing 1,3,5-triazine moieties revealed a bathochromic shift on their
emission as a result of H-bonding with other molecules in solution,”® as further

confirmed by V. Rotello and co-workers.”! Based on the ability of the MC form and
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TMP to H-bonds, the observed bathochromic shift support the interactions between
the TMP and the anchored MC, previously proposed based on the solid-state UV/Vis

analysis of the nanoparticles.

The emissive properties of the MC form of spiropyran have been previously explored
and applied for sensing and imaging.*”-’> The MC emission of powder Si-SP-Si
molecule could not be studied as it does not present a MC UV/Vis band (Figure 4.514).
Nonetheless, we decided to explore the MC emission in photoresponsive particles and
the effect of TMP on it (Figure 4.14B and 14C). SP-SiO2 displayed an emission band
With Amax = 640 nm (Lkexc = 530 nm). Nevertheless, SP-SiO22TMP’s emission (Aexc =
530 nm) was blue shifted 7 nm with Amax = 633 nm. Similarly, MC emission in SP-
HSiO2DTMP (Aexc = 530 nm, Aem = 617 nm) was 16 nm blue shifted compared to SP-
HSiO2's (Aexc = 530 nm, Aem = 633 nm). The observed shift in presence of TMP could
be associated with the change in the MC environment due to the presence of the

antibiotic.

4.2.4.3. Porous structure of TMP-containing nanoparticles
The use of silyl-derivatives bridged by organic moieties has been previously reported
to increase the porosity of the nanoparticles.” Si-SP-Si is a large molecule that would
have an effect in the porous structure of the particles. Hence, porosimetry studies were

conducted (Figure 4.15 and Figure 4.S2)

SiO2 and HSiO2 nanoparticles displayed a type | isotherm with low BET surface area
and a non-porous structure (Figure 4.521 and Table 4.S2), as previously described.”
Nevertheless, the BET surface area of HSiO2 (57.1 £ 0.7 m?g™") was larger than SiO>

(35.6 £ 0.3 m?g™"), which was associated with the presence of the methyl groups within
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the framework forming voids, as previously reported for other SiO2 nanoparticles
containing organic pendant groups.”>’” Furthermore, their surface area decreased
when TMP was included within the framework, which also confirmed the presence of

the antibiotic within the framework.
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Figure 4.15. Nitrogen adsorption-desorption isotherms at 77 K and DFT pore
distribution calculation of (A) SP-SiO2 and SP-SiO2>TMP and (B) SP-HSiO2 and SP-
HSiO2o>TMP. Samples were activated under vacuum at 120 °C prior the
measurement.

Spiropyran-containing nanoparticles, while still exhibiting a type | isotherm (Figure
4.15), they displayed a higher BET surface area of 250.7 + 7.8 m?g" in case of SP-
SiOz and 400.8 + 2.5 m?g™" for SP-HSiO,. The inclusion of the organic spacer within

the nanoparticle framework was associated with the increase in the porosity of the
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particle. Equally, the presence of methyl groups within the framework further increased
the surface area of SP-HSIiOa. Interestingly, absorption and desorption isotherms did
not close in either of the particles, leaving the adsorption-desorption isotherm open.
This result is unusual and can be due to the presence of supermicroporosity (pore size
< 2 nm) or due to instrumental artefacts if defined equilibration time between
desroption points was too short.”®-8% In order to elucidate if the open isotherm was real
or an artefact of short equilibration time, the equilibration time was increased from 2
min to 30 min. Recorded N2 adsorption-desorption isotherms did not change shape
(Figure 4.522), supporting the presence of supermicroporosity. Furthermore, pore size
distribution was further estimated by DFT calculation (Figure 4.15, Table 4.S2)

confirmed the presence of supermicroporosity, revealing pore sizes below 2 nm.

Upon addition of TMP, the nanoparticles still displayed a type | isotherm with lower
BET surface area (Table 4.S2) as a results of pore filling with the antibiotic. SP-
Si02>TMP displayed a BET surface area of 107.7 + 1.2 m?g™" while SP-HSiO2>TMP
surface area was estimated to be 56.1 + 0.9 m?g™'. Similarly, SP-SiO2>TMP still
exhibited and open isotherm due to the presence of 1.5 nm pores, according to the
DFT calculations. On the contrary, SP-HSiO2>TMP’s isotherm closed and no

micropores was observe in the DFT calculations.

4.2.4.4. Quantification of TMP in SP-SiO.>TMP and SP-HSiO2>TMP
Quantification of included photoswitch and TMP was estimated by two different
methodologies: determination of free species after nanoparticle synthesis by UV/Vis
spectroscopy and by thermogravimetric analysis (TGA) of formed nanoparticles

(Figure 4.523-S24).
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Interestingly, after synthesis, Si-SP-Si could not be observed in the supernatant and
in the washings by UV/Vis spectroscopy in any of the explored nanoparticles;
suggesting full condensation of the precursor within the nanoparticle framework (Table
4.4). Furthermore, based UV/Vis spectroscopy, a TMP loading of 15.2 pugrve/mgnes
and 20.4 ugrme/mgnes Was estimated for SP-SiO2>TMP and SP-HSiO2>TMP,
respectively. Similarly, a loading of 12.5 ugrmp/mgnes and 16.2 pugrmp/mgnes was
estimated for SiO22>TMP and HSiO2oTMP. Higher loading in case of photoresponsive
nanoparticles could be attributed to the attractive H-bonding interactions between TMP
and the anchored MC. Similarly, a higher loading was estimated in case of those
nanoparticles with increased hydrophobicity, maybe due TMP preferring hydrophobic
environments. Table 4.4 summarises the estimated Si-SP-Si and TMP content of

nanoparticles.

Table 4.4. Estimated Si-SP-Si and TMP content of nanoparticles based on UV/Vis
spectroscopy of the supernatant and washings.

Si-SP-Si / pgsisp-simgnes’  TMP / pgrmpmgnps™

SiO2>TMP 12.5
HSiO2>TMP - 16.2
SP-SiO: 54.2 -
SP-SiO2.oTMP 48.2 15.2
SP-HSIO2 26.6 -
SP-HSiO2>TMP 30.1 20.4

TGA analysis of the nanoparticles displayed higher weight loss when nanoparticles
contained more organic components (Figure 4.523-S24). For instance, SiO2 displayed
a weight loss of 2.3 % after heating to 800 °C, associated with the degradation of
remaining ethoxy and hydroxyl groups within the framework. TGA degradation profile
of SP-Si0: displayed a further 4.2 % weight loss compared with SiO2, associated with
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the thermal degradation of the photoswitch. Finally, SP-SiO2>TMP displayed an extra
2.4 % of weight loss compared with SP-SiO2, associated with the presence of TMP.
Nevertheless, due to the small change in weight loss and the absence of thermal
degradation steps that can be associated with a single species, quantification of
individual cargo could not be estimated by TGA in case of photo responsive
nanoparticles. In case of control nanoparticles, and due to the presence of a single
organic component beside he framework, the TMP content of 14.5 ugrme/mgnes and
16.0 ugtme/mgnpes was estimated for SiO2o>TMP and HSiO2oTMP, in good agreement

with UV/Vis analysis.

4.2.5. Responsive properties of nanoparticles
4.2.5.1. Solid-state photoswitching properties of nanoparticles
SP-containing nanoparticles presented a predominant MC and H*MC bands at 530
nm and 430 nm due to the H-bonding driven SP isomerization. Negative
photochromism has been previously reported in the literature and conversion of the
MC and H*MC forms has been achieved previously with visible light irradiation (> 360
nm).>® Hence, we wanted, first, to explore the photoswitching properties of
nanoparticles in absence of TMP using white light irradiation. White light was chosen

over green light due to easier access of instrumentation.

Samples were irradiated for 10 min and the solid-state absorbance of powder samples
measured after each minute (Figure 4.16A and 16D). Both particles displayed a fast
decrease of the MC and H*MC bands after 1 min irradiation which does not further
decreases during the consecutive 10 min of irradiation (Figure 4.16C and 16F).
Similarly, a small increase in the SP band (295 nm) was observed.
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After 10 min of white light irradiation, samples were kept in the dark and their UV/Vis
spectra recorded every 2 min for 120 min (Figure 4.16B and 16E). An initial fast
recovery of both bands was observed, followed by a slower but sustained step (Figure
4.16C and 16F). After 120 min, full recovery of MC and H*MC bands was not observed
(Figure 4.S26). Nevertheless, after 24 h in the dark the initial MC and H*MC bands

were recovered.
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Figure 4.16. Solid-state photoswitching properties of (A-C) SP-SiO2 and (D-F) SP-
HSiO.. Samples were (A and D) irradiated for 10 min (22 W, A > 393 nm) and then (B
and E) kept in the dark for 120 min. (C and F) MC isomerization was monitored based
on the 530 nm UV/Vis band.

Then, the photoswitching properties of TMP containing nanoparticles were examined
following the same methodology (Figure 4.17). In this case, upon white light irradiation,
a slower MC-to-SP conversion was observed in both cases. In case of SP-SiO2>TMP,
the MC band decreased during the first 8 min of irradiation (Figure 4.17A and 17C),
while further decrease after the first minute was not observed for SP-HSiO2>TMP

(Figure 4.17D, 17F and Figure 4.S25). The slower MC-to-SP conversion was
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associated to the presence of TMP in the framework, which stabilized the MC form

through H-bonding.

Dark evolution of the MC band was then explored after 10 min white light irradiation
(Figure 4.17B and 17E) upon monitoring of the 537 nm band (Figure 4.17C and 17F).
Like previous nanoparticles, a fast first recovery was observed followed by a slower
step, in both cases. In this case after 120 min in the dark, full MC back conversion was

not observed. 24 h later, however, full recovery of MC and H*MC bands was observed.
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Figure 4.17. Solid-state photoswitching properties of (A-C) SP-SiO2>TMP and (D-F)
SP-HSiO2>TMP. Samples were (A and D) irradiated for 10 min (22 W, A > 393 nm)
and then (B and E) kept in the dark for 120 min. (C and F) MC back conversion was
monitored based on the 537 nm UV/Vis band.

In order to quantitatively analyse if the presence of TMP did have any effect in the
photosetting properties of nanoparticles, the dark evolution of the MC band after 10
min of white light irradiation was fitted with a biexponential function (Eq. 4.S1, Figure

4.S27 and Table 4.S3). Nevertheless, further investigation is required to fully
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understand the photoconversion mechanism occurring in the nanoparticles in solid

state.

Analysis of the estimated kinetic rates (Table 4.S3) revealed a faster conversion rate
for those nanoparticles containing TMP, which was associated with the higher
probability of interaction with the SP form, thermodynamically favouring the MC form.
Moreover, MC dark recovery takes place in s faster rate in hydrophilic SiO2 framework
rather compared to the more hydrophobic HSiO., also associated with the MC

stabilization through H-bonding, more predominant in the SiO2 framework.

4.2.5.2. Solid-state reversible photoswitching
Based on the application of developed nanoparticles in long-term catheter coating,
fast photoswitching is a crucial feature for their prolonged used. In previous experiment
we observed that after 10 min of white irradiation TMP-containing nanoparticles
required up to 24 h to fully recover their initial state. Thereby, we wanted to explore
the dark recovery upon different white light irradiation times to decide to best time

frame for the release and in-vitro experiments.

Hence, TMP-containing nanoparticles were irradiated for 10 s, 30 s, 1 min and 10 min,
and the dark recovery of the MC band (530 nm) monitored by solid-state UV/Vis

spectroscopy (Figure 4.18 and Figure 4.528 and S29).
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Figure 4.18. Solid-state dark evolution of the MC band (530 nm) of (A) SP-SiO2>TMP
and (B) SP-HSiO>.o>TMP after different irradiation times.

SP-SiO2>TMP displayed no significant change in the MC band 10 s of irradiation,
which has been associated with a fast back conversion, that could not be measured.
After 30 s of irradiation, full conversion to the initial state was observed after 45 min
and after 1 min irradiation, no full conversion was observed up to 60 min. SP-
HSiO2>TMP showed a slower recovery after 10 s of irradiation, which full back
conversion after 35 min, which increased to 45 min after 30 s irradiation, and over 60
min for 1 min irradiation. Based on these results, 30 s irradiation was chosen as

irradiation time for the release and in-vitro experiments.

4.2.5.3. Stability of solid-state reversible photoswitching
The stability of reversible photoswitching abilities of SP-SiO2>TMP and SP-
SiO2.oHTMP was investigated. Solid-state samples were irradiated for 30 s and then
kept in the dark 45 min to achieve full recovery of the MC band (530 nm). Samples

were subjected to five consecutives light-dark cycles (Figure 4.19). After five cycles
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no change in the UV/V profiles was observed and full recovery of the MC band was

achieved, highlighting the stability of the nanoparticles.
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Figure 4.19. Reversible solid-state photoswitching properties of (A) SP-SiO2>TMP
and (B) SP-HSiO2oTMP. The MC band (530 nm) was monitored after 30 s white light
irradiation followed by 45 min in the dark.

4.2.6. Release studies
4.2.6.1. Light triggered antibiotic release
We first studied the TMP release from nanoparticles in the dark and upon white light
irradiation to investigate the photoresponsive behaviour of developed SP-containing
nanoparticles in PBS buffer (0.1 M, pH 7.4) under continuous stirring (150 rpm) (Figure
4.20). As control, release studies were also performed with control TMP-containing

nanoparticles. Released TMP was quantified by UV/Vis spectroscopy (Figure 4.S30).

In the dark, 0.40 £ 0.12 ugrve/mgnpes release was estimated from SiO2>TMP after
10 min, while 0.42 + 0.24 ugrmp/mgnes was estimated for HSiO2>TMP. Nevertheless,
upon continuous irradiation, no significant difference on TMP release was observed
after 10 min, estimating 0.39 * 0.18 pgrme/mgnes for SiO22TMP and 0.45

0.11 pgrmp/mgnpes for HSiO2oTMP.
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An estimated 0.45 + 0.12 ugtme/mgnps for SP-SiO22TMP and 0.65 + 0.24 ugrme/mgnes
for SP-HSiO2oTMP was released in the dark, after 10 min. Nevertheless, upon 10 min
of continuous while light irradiation (22 W, A > 393 nm) the TMP release increased to
1.43 £ 0.19 pgrme/mgnes and 1.17 + 0.14 ngrme/mgnes, respectively. Interestingly, TMP
release from SP-SiO2o>TMP was significantly higher (t test, p < 0.05) after only 30 s
irradiation, which kept increasing over time. In case of SP-HSiO2>TMP it was not until
6 min of continuous irradiation when a significant difference between TMP release in
the dark was observed. This difference was associated with the lower SP-to-MC

conversion degree in case of SP-HSiO2oTMP.
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Figure 4.20. TMP release from (A) SiO2>TMP, (B) HSiO2oTMP, (C) SP-SiO2o>TMP
and (D) SP-HSiO2>TMP in PBS buffer (0.1 M, pH 7.4) under mild stirring (150 rpm) in
the dark or upon white light irradiation (n = 3). Released TMP was quantified by UV/Vis
spectroscopy. Statistical significance was assessed by t-test; * = p < 0.5, ** = p <0.01
and *** = p < 0.001.
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The difference in the TMP release upon irradiation was associated with the different
composition and photoswitching properties of the nanoparticles. SP-SiO2>TMP
present a higher MC content and a fast response to irradiation. SP-SiO2>TMP, on the
contrary, presented lower MC content and, upon irradiation the overall change in the

structure was less evidence.

Liqui Chromatography — Mass Spectrometry (LC-MS) was employed to confirmed that
SP was not released from the nanoparticles (Figure 4.S31-S32). Furthermore, longer
irradiation times were not explored as heating of nanoparticles suspension was
observed (Figure 4.S.37), which would also influence the release of the antibiotic from

the nanoparticles.

4.2.6.2. On-off TMP release from SP-containing nanoparticles
After confirming the light triggered release of TMP from SP-containing nanoparticles
and the photoswitchable properties of the nanoparticles (Figure 4.21), we decided to
explore if the TMP release would be controlled in an on-off mode. A 30 s irradiation
time was chosen as particle showed full conversion back to the initial MC form after
45 min. Release experiments were performed in PBS buffer (0.1 M, pH 7.4), samples
were irradiated for 30 s and release TMP estimated immediately. Then, the sample
was kept int the dark for 45 min to allow fully back conversion and the release TMP
estimates by UV/Vis spectroscopy. This process was repeated 5 times, which

correspond to 225 min (Figure 4.21). Samples was continuously stirred at 150 rpm.

After the total duration of the experiments, when particles were kept in the dark, SP-
SiO2>TMP released 0.40 * 0.21 pgrme/mgnpes while SP-HSiO2o5TMP released 0.56 +
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0.15 ugtme/mgnps. Both nanoparticles displayed a cumulative release profiled up to 80
min when TMP releases of both nanoparticles plateaued. However, under light-dark
cycles, SP-SiO2o>TMP displayed an on-off TMP release with burst TMP release after
30 irradiation with no significant TMP leakage after 45 min in the dark. After 5 cycles,
a cumulative total release of 1.75 + 0.20 ugrme/mgnpes Was estimated. Moreover, after
5 cycles the TMP release did not reach a plateau. Nevertheless, SP-HSiO2>TMP did
not show significant different on TMP release in the first 3 dark-cycles, with an overall
lower release after 5 cycles (0.93 + 0.11 ugrme/mgnps). Based on estimated release,

after 4 cycles TMP release plateaued.

20 2.0
A) —e—Dark B) —»— Dark
§ White rradiation § White rradiation
g g
£ 15 \ = 1.5}
[ [
(=] (=]
= =
o 10 \ o 1.0
= = \
[= = . \ !
ko] \ - | 1
3 05| ' 3 05 \/ﬂfﬂ‘+ A%
o l' \ f;} Al% el K \1'/ ~1 +
) T - - : ) 1 .
2 . ol e |1~
0.0 pp— | : : : : : : : ) 0.0 (¢ ) : : . . : : : .
0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 175 200 225
Time / min Time / min

Figure 4.21. Time-dependant TMP release from (A) SP-SiO2>TMP and (B) SP-
HSiO2oTMP in PBS buffer (0.1 M, pH 7.4). Samples were irradiated for 30 s (indicated
with black arrows) and kept in the ark afterward for 45 min. Released TMP was
estimated by UV/Vis spectroscopy (n = 3).

These results confirmed the on-off release behaviour of nanoparticles which could be
advantageous for their long-term use, being able to release included TMP when

required while still bearing TMP that could be released in the future.
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4.2.7. Antibacterial activity
The antibacterial properties of designed photoresponsive nanoparticles were tested
against 3 E. coli UTI clinical isolates (UTI-12, UTI-36 and UTI-42) and the reference
E. coli strain MG1655. The E. coli UTI clinal isolates were kindly provided by Prof Alan

McNally (Institute of Microbiology and Infection, University of Birmingham).

4.2.7.1. Minimal inhibitory concentration (MIC) determination
First, the MIC values for the antibiotic TMP was determined in LB agar (Table 4.5). A
MIC value of 1 ug/mL was observed for refence strain. The MIC values for the clinical
isolates were found to be 4 pug/mL for UTI-42, 16 ug/mL for UTI-12 and 128 pg/mL for
UTI-36. The lower sensitivity of UTI clinical isolates to antibiotics has been previously
reported.?’ Resistance mechanisms against TMP have been identified due to
mutations in the target enzyme dihydrofolate reductase (dfr), encoded by the drf-
genes.®? Nevertheless, we have not further information about the genotype of the

clinical isolates.

Table 4.5. Minimal Inhibitory concentration (MIC, mg/mL) values of TMP and
developed nanoparticle library in LB media in the dark at 37 °C and 250 rpm. Depicted
values are based on 3 biological replicas.

MG1665 UTI-12 UTI-36 UTI-42

TMP 0.001 0.004 0.128 0.016
SiO2>TMP 0.75 2.50 >10 10
HSiO2>TMP 0.75 2.50 >10 10
SP-SiO.oTMP 0.75 2.50 >10 10
SP-HSiO2>TMP 0.37 2.50 >10 5.00

Then, the MIC values for photoresponsive and control (unloaded and SiO2>TMP and
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HSiO25TMP) nanoparticles was determined in the dark (Table 4.5). Particles not
bearing any antibacterial agent (SiO2, HSiO2, SP-SiO2 and SP-HSIiO.) did not display
any antibacterial activity even up to 10 mg/mL (Table 4.S4). For the reference strain,
MIC values of 0.75 mg/mL were found for control particle, same as for SP-SiO2>TMP.
SP-HSiO2>TMP displayed an MIC value of 0.37 mg/mL. For the UTI-12 strain, all
particles had a MIC value of 2.50 mg/mL. SiO22TMP, HSiO.>TMP and SP-
SiO2.OTMP displayed an MIC of 10 mg/mL for UTI-42, and 5.00 in case of SP-
HSiO2oTMP. In case of UTI-36, all particles did not show any activity even up to 10
mg/mL. The low susceptibility of UTI-36 to TMP is also translated to loaded

nanoparticles.

4.2.7.2. Effect of light irradiation in nanoparticle activity
Subsequently, the activity of nanoparticles was explored upon irradiation by
enumerating cell viability (CFU/mL). Firstly, time-killing assays of TMP against E. coli
strains were determined, in order to define a time frame where the released TMP
would have the highest effect in cell viability (Figure 4.S33). After incubation of
bacterial cell with TMP (MIC concentration) in PBS buffer (0.1 M, pH 7.4), a viability
decrease was observed up to 24 h, from where no further viability change was

observed.

The effect of different white light irradiation (W) times in the antibacterial activity of
nanoparticles was studied. Irradiation times of 30 s, 1 min and 5 min were studied,
and MIC nanoparticle concentration was employed. The experiment was performed in
PBS buffer (0.1 M, pH 7.4) and cell viability was analysed after 24 h incubation after

irradiation. Due to the low susceptibility of UTI-36 to the TMP-loaded nanoparticles,
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an MIC value for nanoparticles could not be determined. Thereby, UTI-36 was not

further investigated.
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Figure 4.22. Cell viability of (A) MG1655, (B) UTI-12 and (C) UTI-42 E. coli strains
incubated with TMP and nanoparticles and after different white light irradiation times
(22 W, A > 393 nm). Diluted inoculate (~10” CFU/mL) were incubated MIC
concentration of TMP and nanoparticles and irradiated during different times. Then,
cells were incubated for 24 h in the dark at 37 °C and 150 rpm, and viability checked.
Depicted values are based on 3 biological replicas. Statistical significance was
determined by t-test, ns=p>0.5,*=p < 0.5, *™ =p <0.01 and *** = p < 0.001.

No change in the antibacterial activity of TMP, SiO22>TMP and HSiO2>TMP was
observed after any irradiation time (Figure 4.22). However, upon irradiation, the activity

of SP-containing nanoparticles increased. In case of MG1655 a increased activity of
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nanoparticles was observed upon longer irradiation times. SP-SiO2>TMP
nanoparticles displayed higher irradiation dependant activity and overall effect in cell
viability compared with SP-HSiO2>TMP. In fact, these results are in good agreement
with the in vitro release studies where the different between released TMP in the dark
and upon irradiation was more significant in case of SP-SiO2>TMP. In case of the
UTI-12 strain, similar tendency was observed upon irradiation. Irradiation dependant
increased in the activity of photoresponsive nanoparticles was observed. Similar

results were also observed in case of the UTI-42 strain.

These results confirm the light-triggered activity of SP-containing nanoparticles for UTI

E. coli clinical isolates.

4.2.7.3. Effect of on-off release in bacterial cell viability
The on-off release abilities of SP-containing nanoparticles was previously confirmed
in in-vitro release studies. Thereby, we wanted, to study it in presence of bacterial
cells. Catheter associated UTI infections are characterized by a continuous formation
of bacterial biofilm on the outer surface of the catheter, due to the continuous flow of
planktonic bacterial cells." Hence, the on-off antibiotic release is a crucial ability to

avoid biofilm growth while the catheter is used.

Overnight culture re-suspended in PBS buffer (0.1 M, pH 7.4, ~10” CFU/mL) was
incubated with MIC concentration of TMP and SP-containing nanoparticles for 5 days.
Control samples were kept in the dark and cell viability evaluated every day. The
investigated samples were irradiated for 30 s each day and cell viability evaluated the

next day before another 30 s irradiation treatment. This process was repeated for 5
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consecutive days. After light irradiation cells were incubated in the dark at 37 °C and

150 rpm shaking.

Cells incubated in the dark with TMP and nanoparticles only displayed antibacterial
activity after the first day, associated with the passive release of TMP from particles.
After the first day no further activity was observed. White light irradiation did not impact

the activity of TMP (Figure 4.S.34), as also observed in previously experiments (Figure

4.22).

After the first day irradiation a significant activity of the SP-containing nanoparticles
was observed in all strains, associated with the leakage of TMP. However,
nanoparticles still displayed antibacterial activity the following days upon irradiation,
achieving full eradiation after 4 days for MG1655 and 5 days for UTI clinical isolates
treated with SP-SiO2>TMP. Cells incubated with SP-HSiO2>TMP did not achieved
full eradication after 5 days of treatment, which was associated with the lower TMP

release upon irradiation as observed in in-vitro studies.
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Figure 4.23. Cell viability of (A) MG1655, (B) UTI-12 and (C) UTI-42 E. coli strains
incubated with SP-containing nanoparticle (MIC concentrations) upon daily white light
irradiation (22 W, A > 393 nm) or in the dark. Overnight diluted inoculate in PBS buffer
(0.1 M, pH 7.4, ~10” CFU/mL) were incubated with SP-containing nanoparticle
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Finally, we wanted to further confirm the on-off release abilities of the SP-containing
nanoparticles, using the UTI-12 E. coli clinical isolate as model organism. SP-
SiO2O>TMP nanoparticle was employed in this experiment as full cell eradication was
observed. During the previous experiment (Figure 4.23B), after each day irradiation,
an aliquot was separated, kept in the dark, and its viability checked every day up to
the end of the irradiation experiment (Figure 4.24). As it can be seen in Figure 4.24.,
cell viability only experienced a decrease upon irradiation. Those aliquots kept in the
dark did not exhibited further decrease in viability, confirming that the TMP release

only takes place upon irradiation in an on-off fashion.
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Figure 4.24. Effect of on-off TMP release from in UTI-12 cell viability SP-SiO2>TMP.
Bacterial cells were incubated in PBS buffer (0.1 M, pH 7.4, ~10” CFU/mL) with MIC
concentration of SP-SiO2>TMP nanoparticles. Each day an aliquote was separated
and kept in the dark. The rest of cells were irradiated with white light (22 W, A > 393
nm) for 30 s and incubated at 37 °C and 150 rpm in the dark for 24 h. Next day the
cell viability was evaluated. This process was repeated during five consecutive days.
Sun represent irradiation and moon keeping the samples in the dark. Depicted values
are based on 3 independent biological replicas.

4.3.Conclusion
In this study, a novel photoswitchable antibiotic delivery system, SP-SiO2o>TMP, has

been developed by co-condensation of a silyl-derivative spiropyran photoswitch within
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the SiO2 framework. This platform was employed for the delivery of the UTI fist line
antibiotic TMP. Furthermore, the effect of hydrophobicity of the framework in the
photoresponsive behaviours of nanoparticles was explored by addition of
dimethyldiethoxysilane as SiO2 precursor. Developed nanoparticles displayed
negative photochromism where the spiropyran MC form was locked with the silica
framework due to H-bonding with the framework. Upon white light irradiation the MC
converts into the close SP form, which recovered in the dark. Increasing framework
hydrophobicity decreased the MC form within the nanoparticles and slowed the MC
recovery after irradiation. Inclusion of TMP prevented the formation of the H*MC form
which was associated with H-bonding interactions between the MC form and TMP.
Furthermore, an irradiation dependent increase in TMP release was observed as well
as a light triggered on-off release. Thereby, the system in this chapter represents the
first non-porous SiO2 photoswitchable nanoparticles for drug delivery, which is a step

forward for the development of on demand drug delivery systems.

4.4. Experimental section

4.4.1. Synthesis procedures
Trimethoprim (TMP), tetraethoxysilane (TEOS) and dimethyldiethoxysilane (DMDES)
were purchase from Sigma-Aldrich. Rest of chemicals and consumables were

purchased from Sigma-Aldrich and were of the highest quality available.

Synthesis of Si-SP-Si. The full procedure for the synthesis of the silyl-functionalised
spiropyran (Si-SP-Si) was fully performed by Daniel Cerasale (Dr Timothy Easun

group) and synthetic details and characterization can be found in the appendix.
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Optimization of SP-SiO2. Optimization of spiropyran content in SP-SiO2
nanoparticles was achieved by varying the initial concentration of the Si-SP-Si
precursor, always keeping the molar concentration of combined silica precursors (Si-
SP-Si + TEOS) constant based on the synthesis procedure reported by D. J. Lewis et

al.®® The exact quantities of each precursor can be found in Table 4.6.

Briefly, a solution containing 1.6 mL EtOH, 100 uL 28 % NH4+OH and 20 uL H>O was
stirred at room temperature. To this solution Si-SP-Si (see Table 4.6) was added and
the solution stirred at room temperature until all solid was dissolved. Then, an EtOH
solution (0.3 mL) containing TEOS (see Table 4.6) was added dropwise and the
resulting solution was stirred for 2 h at room temperature, followed by 15 min of
sonication treatment (200 W, 50 Hz) before another hour of stirring. Finally, obtained
pink suspension was centrifuged (7450 rpm, 15 min) and the supernatant removed.

SP-SiO2 were washed with water (3 x 20 mL) and dried overnight under vacuum.

Table 4.6. Mass and mols of Si-SP-Si and TEOS employed in the optimization of SP-
SiO2 nanoparticles.

Si-SP-Si TEOS
Mass/ mg mmol Volume/pL mmol
0% - - 130 0.58
0.2 % 0.9 0.01 128.1 0.57
2% 9.2 0.02 125.8 0.56
5% 15.3 0.03 121.9 0.55

Optimization of SP-HSiO.. Optimization framework hydrophobicity in SP-HSiO2
nanoparticles was achieved by varying the initial concentration of DMDES precursor,

always keeping the molar concentration of combined silica precursors (DMDES +
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TEOS) constant based on the synthesis procedures reported by D. J. Lewis et al.53

and S. Diré et al.?¢ The exact quantities of each precursor can be found in Table 4.7.

Acidic hydrolysis of DMDES was performed by addition of DMDES (0.23 mL, 1.34
mmol) and 100 mL conc. HCI into 1 mL EtOH. The solution, denoted as H'DMDES,

was stirred at room temperature for 24 h.

Briefly, a solution containing 1.6 mL EtOH, 100 uL 28 % NH4+OH and 20 pL H20 was
stirred at room temperature. To this solution Si-SP-Si (15.3 mg, 0.03 mmol) was added
and the solution stirred at room temperature until all solid was dissolved. Then, a 0.3
mL EtOH solution containing TEOS (see Table 4.7) and H'DMDES (see table 4.7)
was added dropwise and the resulting solution was stirred for 2 h at room temperature,
followed by 15 min of sonication treatment (200 W, 50 Hz) before another hour of
stirring. Finally, obtained pale pink suspension was centrifuged (7450 rpm, 15 min)
and the supernatant removed. SP-HSiO2 were washed with water (3 x 20 mL) and

dried overnight under vacuum.

Table 4.7. Composition of the solution added containing hydrolysed DMDES and
TEOS.

H*DMDES TEOS
Volume /pL  mmolpmpes  Volume /puL  mmol
5% 0.02 0.03 115.8 0.52
25% 0.11 0.14 91.4 0.41
50 % 0.22 0.27 60.1 0.27
90 % 0.40 0.49 12.2 0.06

Synthesis of SP-SiO>.>TMP. A solution containing 1.6 mL EtOH, 100 uL 28 % NH4OH
and 20 pL H20 was stirred at room temperature. To this solution Si-SP-Si (15.3 mg,

0.03 mmol) and TMP (1 mg, 3 umol ) were added and the solution stirred at room
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temperature until all solid was dissolved. Then, an EtOH solution (0.3 mL) containing
TEOS (121.9 puL, 0.55 mmol) was added dropwise and the resulting solution was
stirred for 2 h at room temperature, followed by 15 min of sonication treatment (200 W,
50 Hz) before another hour of stirring. Finally, obtained pink suspension was
centrifuged (7450 rpm, 15 min) and the supernatant removed. SP-SiO2>TMP were

washed with water (3 x 20 mL) and dried overnight under vacuum.

Synthesis of SP-HSiO.>TMP. Acidic hydrolysis of DMDES was performed by
addition of DMDES (0.23 mL, 1.34 mmol) and 100 mL conc. HCl into 1 mL EtOH. The

solution, denoted as H'DMDES, was stirred at room temperature for 24 h.

Briefly, a solution containing 1.6 mL EtOH, 100 uL 28 % NH4+OH and 20 pL H20 was
stirred at room temperature. To this solution Si-SP-Si (15.3 mg, 0.03 mmol) and TMP
(1 mg, 3 umol) were added and the solution stirred at room temperature until all solid
was dissolved. Then, a 0.3 mL EtOH solution containing TEOS (91.4 puL, 0.41 mmol)
and H*DMDES (0.11 puL, 0.14 mmol DMDES) was added dropwise and the resulting
solution was stirred for 2 h at room temperature, followed by 15 min of sonication
treatment (200 W, 50 Hz) before another hour of stirring. Finally, obtained pale pink
suspension was centrifuged (7450 rpm, 15 min) and the supernatant removed. SP-

HSiO2oTMP were washed with water (3 x 20 mL) and dried overnight under vacuum.

4.4.2. Methodology
Antibiotic release studies. Release studies were performed in PBS buffer (0.1 M,

pH 7.4) under mild stirring (150 rpm) with nanoparticles concentration of 2 mg/mL.

285
Asier Rodriguez Muguruza — December 2023



Irradiation of samples was done with a 2000 Lumen Moweeto®© flashlight positioned
at c.a. 1 cm from the nanoparticle suspension. Released TMP was quantified by
UV/Vis spectroscopy based on the absorption Amax at 278 nm. n= 3 in all experiments.
Statistical significance was evaluated by t-test where ns =p>0.5,*=p<0.1,* =p

<0.01 and *** = p < 0.001.

Minimal Inhibitory Concentration (MIC) determination. MIC values of studied
nanoparticles and TMP were determined for reference E. coli (MG1655) and the
clinical UTI E. coli isolates (UTI-12, UTI-42 and UTI-36) following the methodology
described in Chapter 2 Section 4. Nanoparticles were tested between 20 mg/mL and

0.08 mg/mL and TMP between 250 pug/mL and 0.25 pg/mL.

Bacterial viability upon different irradiation times. Bacterial inoculum of 107 - 10°
colony forming units per mL (CFU/mL) were incubated with MIC concentration of TMP
or nanoparticles. Suspensions were irradiated with a 2000 Lumen Moweeto©
flashlight at c.a. 1 cm from the samples. Then, the suspensions were placed in the
dark at 37 °C under mild shaking (150 rpm) for 24 h before viability evaluation by
CFU/mL determination in LB agar plates. Statistical significance was evaluated by t-

testwherens=p>0.5,*=p<0.1,* =p<0.01 and *** = p < 0.001.

Bacterial viability across different days. Bacterial inoculum of 107 - 10° colony
forming units per mL (CFU/mL) were incubated with MIC concentration of TMP or
spiropyran-containing nanoparticles. Suspensions were then irradiated for 30 s with A
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2000 Lumen Moweeto®© flashlight at c.a. 1 cm from the samples under continuous
stirring at 150 rpm. Then, the suspensions were incubated in the dark at 37 °C under
mild shaking (150 rpm) for 24 h. An aliquot was then taken, and its viability evaluated
by CFU/mL determination in LB agar. The rest of the suspensions were subjected to
the light-dark cycle for other four consecutive days and the viability after each cycle
evaluated by CFU/mL determination in LB agar. Control experiments were not
subjected to irradiation. Statistical significance was evaluated by t-test where ns = p >

05 *=p<0.1,*™=p<0.01and *** =p < 0.001.
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4.5. Appendix

ygl ‘0. 8L
HOI3

\/J\IZ_._ Oo

288

£330)18 =

HO
ﬂ,_ H ~O%H

N
°N
HO

ygl ‘0. S8 ugl ‘0.8.
(A/A L:2) |ujuo)a0e:3uaN|0 | HO3
2%0H o [E10] o O%H YOg%H JX/
% 08 % 0§ % 89 5
HO ye ‘0. 06 HO usr ‘0.8
e 5 "0,
4 4
| O"0H HOEBN | ooen apAyaplewlojeled
o o RE
% 65 % 12 qobn

Figure 4.81. Synthesis scheme of Si-SP-Si developed by Daniel Cerasale (Dr.
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2,3,3-Trimethyl-3H-indole-5-carboxylic acid. To a peach-coloured suspension of 4-
hydrazinobenzoic acid (5.00 g, 33.0 mmol) in EtOH (120 mL), 3-methyl-2-butanone
(3.90 mL, 36.0 mmol) and H2SO4 (18 M, 1 mL) were added with stirring. The reaction
was heated to reflux for 12 h giving a red-brown solution with yellow precipitate. After
cooling to room temperature, the mixture was filtered, saturated NaHCO3 solution (50
mL) was added, and the solution was extracted with DCM (3 x 20 mL). The aqueous
phase was adjusted to pH 4 with HCI (1.0 M) and extracted with DCM (3 x 20 mL).
The organic phases were combined, dried over anhydrous MgSO4 and evaporated
under reduced pressure to give 2,3,3-trimethyl-3H-indole-5-carboxylic acid as a brown
solid (4.56 g, 68 %). "H NMR (300 MHz, DMSO-ds): & 12.86 (s, 1H), 8.00 (d, J = 1.6
Hz, 1H), 7.92 (dd, J = 8.0 Hz, 1.7 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 2.26 (s, 3H), 1.28

(s, 6H). MS (ESI +): m/z 204.1024 ([M+H]*), theoretical m/z 204.1029 ([M+H]").
HO,C -~
)—
N

5-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide. To a solution of 2,3,3-
trimethyl-3H-indole-5-carboxylic acid (2.00 g, 10.0 mmol) in toluene/MeCN (2:1 v/v, 60
mL), iodomethane (0.61 mL, 10.0 mmol) was added. The red solution was heated to
80 °C under an atmosphere of N2 for 72 h. The resulting red mixture was cooled to 0
°C, filtered and the precipitate washed with EtOH (10 mL) and hexane (80 mL) to afford
5-carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide as an orange-brown solid (1.68

g, 50%). "H NMR (300 MHz, DMSO-d6): 5 8.38 (s, 1H), 8.23 — 8.14 (m, 1H), 8.02 (d,
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J = 8.4 Hz, 1H), 3.99 (s, 3H), 2.81 (s, 3H), 1.56 (s, 6H). MS (ESI-pos): m/z 218.19

HO,C 2
7
N +

\

([M+H]").

1,3,3-Trimethyl-2-methyleneindoline-5-carboxylic acid. A solution of 5-carboxy-
1,2,3,3-tetramethyl-3H-indol-1-ium iodide (1.45 g, 4.20 mmol) in aqueous KOH
solution (0.42 M, 20.0 mL) was stirred for 2 h at room temperature. The solution was
adjusted to pH 7 using HCI (1.0 M) and extracted with isopropanol/DCM (1:1 v/v, 6 x
15 mL). The organic extracts were combined and dried over anhydrous MgSOs,
fitered and solvent was removed in vacuo to vyield 1,3,3-trimethyl-2-
methyleneindoline-5-carboxylic acid as an orange-brown solid (0.73 mg, 80%). 'H
NMR (400 MHz, DMSO-de): 6 12.27 (s, 1H), 7.76 (dd, J = 8.3 Hz, 1.8 Hz, 1H), 7.67 (d,
J=1.7 Hz, 1H), 6.73 (d, J = 8.3 Hz, 1H), 4.05 — 3.98 (m, 2H), 3.07 (s, 3H), 1.29 (s,

6H). MS (ESI-pos): m/z 218.1185 ([M+H]"), theoretical m/z 218.1181 ([M+H]").

HO,C. : &\
N

\

Methyl 3-formyl-4-hydroxybenzoate. Methyl 4-hydroxybenzoate (10.0 g, 65.7 mmol)
and anhydrous MgCl> (10.0 g, 105 mmol) were dissolved in dry MeCN (600 mL)
followed by addition of dry triethylamine (33.0 mL, 237 mmol) with stirring.
Paraformaldehyde (40.0 g, 1.33 mol as monomer) was added, and the mixture was

refluxed for 48 h. The reaction mixture was allowed to cool to room temperature and
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the solvent was removed in vacuo. H2O (100 mL) was added, and the solution was
acidified to pH 3 with HCI (1.0 M). The aqueous solution was extracted with EtOAc (3
x 50 mL), and the organic extracts combined. The organic phase was dried over
anhydrous MgSOs and evaporated under reduced pressure to obtain a yellow oil.
Recrystallisation from hot EtOH yielded methyl 3-formyl-4-hydroxybenzoate as a white
powder (2.50 g, 21%). '"H NMR (300 MHz, Chloroform-d): & 11.38 (s, 1H), 9.94 (d, J =
0.6 Hz, 1H), 8.31 (dd, J = 2.2, 0.4 Hz, 1H), 8.17 (dd, J = 8.8, 2.2 Hz, 1H), 7.02 (dt, J =
8.8, 0.6 Hz, 1H), 3.91 (s, 3H). MS (GCMS - Cl): m/z 180.0425 ([M]"), theoretical m/z

180.0428 ([M]).

0]

MEO2C\d
OH

3-Formyl-4-hydroxybenzoic acid. To a stirred solution of 2 M NaOH in H20O (35 mL,
70.0 mmol) was added methyl 3-formyl-4-hydroxybenzoate (500 mg, 2.78 mmol). The
resulting mixture was refluxed for 3 hours and allowed to cool to room temperature.
The solution as to pH 7 with 10% HCI aqueous solution to induce precipitation of the
product. The solid was extracted with EtOAc, (3 x 50 mL), extracts were combined,
dried with anhydrous MgSO4 evaporated under reduced pressure to give 3-formyl-4-
hydroxybenzoic acid as a white powder (270 mg, 59%). '"H NMR (300 MHz,
Chloroform-d): 8 11.49 (s, 2H), 9.98 (d, J = 0.6 Hz, 2H), 8.40 (d, J = 2.1 Hz, 2H), 8.26
(dd, J=8.8, 2.1 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H). MS (GCMS - Cl): m/z 166.0270 ([M]

), theoretical m/z 166.0272 ([M]).

291
Asier Rodriguez Muguruza — December 2023



O
OH

1',3',3'-Trimethylspiro[chromene-2,2'-indoline]-5',6-dicarboxylic acid (HO2C-SP-
CO2H). 3-Formyl-4-hydroxybenzoic (270 mg, 1.63 mmol) was dissolved in EtOH (50
mL) and 1,3,3-trimethyl-2-methyleneindoline-5-carboxylic acid (353 mg, 1.63 mmol)
was added. The reaction mixture was heated to reflux for 16 hours before being
reduced in vacuo and cooled to 0 °C to aid precipitation. The solid was filtered, washed
with cold EtOH (2 x 100 mL) and dried to yield 1',3',3'-trimethylspiro[chromene-2,2'-
indoline]-5',6-dicarboxylic acid (HO>C-SP-CO2H) as a white powder (320 mg, 54%).
H NMR (400 MHz, DMSO-d6): 5 12.51 (s, 2H), 7.87 — 7.78 (m, 2H), 7.71 (dd, J = 8.5,
2.1 Hz, 1H), 7.67 (d, J = 1.7 Hz, 1H), 7.21 — 7.14 (m, 1H), 6.82 — 6.75 (m, 1H), 6.67
(d, J =8.3Hz, 1H), 5.88 (d, J = 10.2 Hz, 1H), 2.76 (s, 3H), 1.25 (s, 3H), 1.13 (s, 3H).
3C NMR (101 MHz, DMSO): d 167.89, 167.22, 157.70, 151.87, 136.57, 131.93,
131.24, 129.73, 129.14, 123.53, 123.36, 121.77, 119.83, 118.75, 115.08, 106.58,
105.33, 51.73, 28.85, 25.98, 20.09. MS (ESI-neg): m/z 364.1189 ([M-H]"), theoretical

m/z 364.1185 (IM-HJ).

1',3',3'-Trimethyl-N5',N6-bis(2-(triethoxysilyl)ethyl)spiro[chromene-2,2'-
indoline]-5',6-dicarboxamide  (Si-SP-Si). 1',3',3'-Trimethylspiro[chromene-2,2'-

indoline]-5',6-dicarboxylic acid (680 mg, 1.86 mmol), 4-Dimethylaminopyridine (477
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mg, 3.90 mmol) and (3-Dimethylamino-propyl)-ethyl-carbodiimide hydrochloride (821
mg, 4.28 mmol) were dissolved in dry DCM (120 mL) under an atmosphere of nitrogen.
(3-aminopropyl)triethoxysilane (0.96 mL, 4.10 mmol) was added and the mixture was
stirred at room temperature for 48 h until the starting material was no longer visible by
TLC. Solvent was removed in vacuo and the crude product was purified by column
chromatography (silica gel: 80 % EtOAc in hexane to 100% EtOAc) to yield 1',3',3'-
trimethyl-N5',N6-bis(2-(triethoxysilyl)ethyl)spiro[chromene-2,2'-indoline]-5',6-

dicarboxamide (Si-SP-Si) as a pinkish white powder (300 mg, 21%). '"H NMR (400
MHz, Chloroform-d): & 7.63 — 7.54 (m, 3H), 7.49 (dd, J = 8.5, 2.3 Hz, 1H), 6.91 (dd, J
= 10.4, 0.7 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.49 (d, J = 8.1 Hz, 1H), 6.34 (dt, J =
19.7, 5.8 Hz, 2H), 5.72 (d, J = 10.2 Hz, 1H), 3.83 (qd, J = 7.0, 4.6 Hz, 12H), 3.49 —
3.41 (m, 4H), 2.76 (s, 3H), 1.79 — 1.70 (m, 4H), 1.31 (s, 3H), 1.22 (td, J = 7.05.2 Hz,
18H), 1.17 (s, 3H), 0.74 — 0.67 (m, 4H). 13C NMR (101 MHz, CDCI3): 5 167.60, 166.77,
156.70, 150.66, 136.79, 129.39, 128.33, 127.24, 127.07, 126.32, 125.90, 121.03,
119.59, 118.48, 114.80, 105.92, 105.00, 58.51, 51.77, 42.19, 28.81, 25.71, 23.12,
22.94, 19.97, 18.32, 18.29, 7.84. MS (ESI-pos): m/z 772.4030 ([M+H]*), theoretical
m/z 772.4025 ([M+H]*). IR: o(ATR)/cm™" 3296 (v(N-H)), 2972-2884 (v(C-H)), 1692

(v(C=0)), 1547 (v(C=C aromatic)), 1320 (v(C-N)), 1261 (v(C-O)), 1073 (v(Si-O)).

Si(OEt),
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Figure 4.S2. '"HNMR (400 MHz, CDCls) of Si-SP-Si.
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Figure 4.83. 3CNMR (101 MHz, CDCls) of Si-SP-Si.
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Figure 4.S4.IR spectra of Si-SP-Si.
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Figure 4.S5. ESI-MS (Positive mode) of Si-SP-Si. Calculated [M+H]" is displayed on
top.
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Figure 4.S6. Dynamic light scattering distribution analysis of SP-SiO2 nanoparticles
with initial (A) 0 %, (B) 0.2 %, (C) 2 % and (D) 5 % Si-SP-Si molar ratio respect to
TEOS in PBS buffer (0.1M, pH 7.4).
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Figure 4.S7. Surface {-potential distribution in of SP-SiO2 nanoparticles with initial (A)
0 %, (B) 0.2 %, (C) 2 % and (D) 5 % Si-SP-Si molar ratio respect to TEOS in PBS
buffer (0.1M, pH 7.4).
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Figure 4.S8. FT-IR spectra of SP-SiO2 nanoparticles synthetized with different ratios
of Si-SP-Si. Right graph displaces the 3500-2500 cm™' region where the starched
associated with the N-H and C-H and C-Har bonds are shown.
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Figure 4.S9. (A-D) Dynamic light scattering and (E) C-potential distribution of SP-
HSiO2 nanoparticles synthetized with initial (A) 5%, (B) 25 %, (C) 50 % and (D) 90 %
DMDES respect to TEOS in PBS buffer (0.1 M, pH 7.4),
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Figure 4.810. Transmission Electron Microscopy and nanoparticle size distribution (n
= 50) of SP-HSiO2 nanoparticles synthetized with (A) 5 % and (B) 25 % DMDES
respect to TEOS.
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Figure 4.S11. FT-IR spectra of SP-HSiO2 nanoparticles synthetized with different
ratios of DMDES. Right graph displaces the 3500-2500 cm-* region.
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Figure 4.S12. Dynamic light scattering and {-potential distribution in PBS buffer (0.1
M, pH 7.4) of (A) SiO2>TMP, (B) HSiO2oTMP, (C) SP-SiO2>TMP and (D) SP-
HSiO2oTMP.

Table 4.S1. Dynamic Light Scattering (n = 5) and C-potential (n = 3) measurements of
TMP-containing control nanoparticles in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (Du) / nm C-potential
Intensity Volume Number PDI /| mV
SiO2>TMP 85 + 21 74 + 20 64 + 15 0.03 -33+6
HSiO.oTMP 130 + 56 108 + 40 66 + 27 0.12 -33+7
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Figure 4.S13. Transmission Electron Microscopy (TEM) images and nanoparticle size
distribution (n = 50) of (A) SiO2>TMP and (B) HSiO2oTMP.
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Figure 4.S14. Solid-state UV/Vis spectra of Si-SP-Si.
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Figure 4.S15. Simulation of SP and MC UV/Vis spectra in vacuo by Daniel Cerasale
(Dr. Timothy Easun). Calculations were run on Gaussian09. For both geometry
optimisation and TDDFT calculations, the functional used was wB97XD and the basis
set used was 6-31G(d). For TDDFT calculations, 50 states were solved.
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Figure 4.S16. Solid-state UV/Vis spectra of (A) SiO2>TMP and (B) HSiO2oTMP.
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Figure 4.S17. FT-IR spectra of (A) SP-SiO2>TMP and (B) SP-HSiO2oTMP
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Figure 4.S18. FT-IR spectra of (A) SiO2>TMP and (B) HSiO2>TMP
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Figure 4.519. MALDI-ToF mass spectrometry (positive mode) of (A) control and (B)
photoresponsive TMP-containing nanoparticles confirming the presence of the
antibiotic. Signal associated with [TMP+H]* (m/z = 291.162, caldc. m/z = 291.146) and
[TMP-OMe+2Na*]* (m/z = 305.203, caldc. m/z = 305.199) were detected. a-cyano-4-

hydroxycinnamic acid (CHCA) was employed as matrix.
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Figure 4.S20. Solid-state fluorescence emission of TMP (Aexc = 270 nm) from (A)
SiO2oTMP and (B) HSiO2oTMP.
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Figure 4.S21. Nitrogen adsorption-desorption isotherms at 77 K and DFT pore
distribution calculation of (A) SiO2 and SiO2>TMP (B) HSiO2 and HSiO2>TMP
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Table 4.S2. BET surface area, total pore volume and pore dimeter of control
nanoparticles based on nitrogen adsorption-desorption isotherms.

BET surface area/

Total pore volume/ Pore diameter / nm

m2g-! cmig"!
SiO2 35.6+0.3 0.020 -
SiO.oTMP 10.5+£0.3 0.005 -
HSiO2 57.1+0.7 0.210 0.7,1.6,2.8
HSiO2o>TMP 84+0.2 0.043 -
SP-SiO; 250.7+7.8 0.375 0.7,15,2.7
SP-SiO.oTMP 107.7 £ 1.2 0.172 0.7,1.5,2.5
SP-HSIO: 400.8 + 2.5 0.405 0.8,1.3,1.7,2.3, 3.8
SP-HSiO.o>TMP 56.1+0.9 0.053 0.8
001, spsio, q
SP-HSIO, 4

250 J

e

S 200

o

b 150

®

(<4}

£ 100 |

=

=]

= 50}

0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
PI P,

Figure 4.S22. Nitrogen adsorption-desorption isotherms at 77 K of SP-SiO2 and SP-
HSiO2oTMP with equilibration time of 30 min.
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Figure 4.S23. Thermogravimetric analysis (TGA) of (A) SP-SiO2>TMP and (B) SP-
HSiO2.oTMP. Samples were dried at 120 °C for 1 h before the experiments. Samples
were heated at 5 °C/min from 30 °C until 800 °C under air.
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Figure 4.S24. Thermogravimetric analysis (TGA) of (A) SiO22>TMP and (B)
HSiO2.oTMP. Samples were dried at 120 °C for 1 h before the experiments. Samples
were heated at 5 °C/min from 30 °C until 800 °C under air.
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Figure 4.525. Enlarged UV/Vis spectra of SP-HSiO2>TMP, Figure 4.17, (A) upon
white light irradiation and (B) in the dark.
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Figure 4.S26. Monitorization of solid-state UV/Vis dark conversion of the H*MC band
at 430 nm of (A) SP-SiO2 and (B) SP-HSiO2 after 10 min of continuous white light
irradiation.
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Figure 4.S27. Exponential fitting of solid-state dark evolution of the MC band (530 nm)
after 10 min of continuous white light irradiation of (A) SP-SiO2, (B) SP-HSiO,, (C) SP-
SiO2oTMP and (D) SP-HSiO2oTMP.

y = Aje™" + Ae7tz 4y,

Eq. 4.51

Table 4.S3. Exponential fitting parameters (Figure 4.S27) of dark evolution of the MC

band (530 nm) after 10 min of continuous white light irradiation.

t11 / min-

yo/ F(R)  A1/F(R) 1 Az/F(R) t'/min"  R?
: 070+ 387+ 034+ 7852+
SP-SiO, 7O asx001 38T iy 52% 099964
. 1.38 + 702+ 047+  67.88+
SP-Si0,5TMP B oarz00 T2 - 788 0.99967
. 0.22 + 827+ 041+ 12731+
SP-HSIO; 225 006001 ST o 7 31% 0.99949
. 016+  -0010+ 831+  -006+  8360¢
SP-HSIO>TMP 7)) ) 0.002 0.43 0.01 276  0-99981
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Figure 4.S28. Solid-state UV/Vis dark evolution of SP-SiO2>TMP after (A) 0 min, (B)

10 s, (C) 30 s and (D) 1 min of white light irradiation.
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Figure 4.S29. Solid-state UV/Vis dark evolution of SP-HSiO2>TMP after (A) 0 min,
(B) 10 s, (C) 30 s and (D) 1 min of white light irradiation. Insert displays an enlarged
view of the 350 nm — 600 nm region where the MC and H*MC bands are.
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Figure 4.S30. UV/Vis calibration of TMP in PBS buffer (0.1 M, pH 7.4).
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Figure 4.S31. Liquid Chromatography-Mass Spectrometry (LC-MS) of (A) TMP and
(B) Si-SP-Si. Mobile phase was composed by v/v 50:50 acetonitrile:H2O (0.1 % Formic
acid), flow rate 1 mL/min. TMP was eluted at 2.55 min (observed [M+H]* 291.1459
m/z, calc. 291.1457 m/z) and Si-SP-Si was eluted at 8.28 min (observed [M+H]*

772.4025 m/z, calc. 772.4066 m/z).
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Figure 4.S32. Liquid Chromatography-Mass Spectrometry (LCMS) of release from (A)
SP-SiO2>TMP and (B) SP-HSiO2oTMP after 10 min with continuous irradiation.
Mobile phase was composed by v/v 50:50 acetonitrile: H2O (0.1 % Formic acid), flow
rate 1 mL/min. Only one peak was observed in the chromatographs with elution time
of 2.55 min and observed both of 291.1465 m/z in both cases; corresponding to TMP.
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Table 4.S4. Minimal Inhibitory concentration (MIC, mg/mL) values of unloaded

nanoparticles in LB media in the dark. Depicted values are based on 3 biological
replicas.

MG1665 UTI-12 UTI-36  UTI-42

SiO; >10 >10 >10 >10

HSiO; >10 >10 >10 >10

SP-SiO; >10 >10 >10 >10
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Figure 4.S33. Cell viability of reference and UTI clinical isolates E. coli strains in PBS

(0.1 M, pH 7.4) (A) without and (B) with TMP at MIC concentrations. Cells were
incubated at 37 °C and 150 rpm and aliquots were taken at different time points.
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Figure 4.S34. Cell viability of (A) MG1655, (B) UTI-12 and (C) UTI-42 E. coli strains
incubated with TMP (MIC concentration) upon daily irradiation or in the dark. Overnight

diluted inoculate in PBS buffer (0.1 M, pH 7.4, ~10” CFU/mL) were incubated with SP-
containing nanoparticles.
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Figure 4.8S35. Cell viability of reference (MG1655) and UTI clinical isolate E. coli
strains after different irradiation times in PBS buffer (0.1 M, pH 7.4). Overnight
inoculate dilutions in PBS buffer (0.1 M, pH 7.4, ~10” CFU/mL) were subjected to
different irradiation time of white light and then incubated at 37 °C and 150 rpm for 24
h before viability evaluation.
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Figure 4.S36. Emission spectrum of the 2000 Lumen Moweeto®© flashlight indicating
the glass cut of wavelength (1) at 393 nm.
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Figure 4.S37. Effect of white light irradiation (22 W, A > 393 nm) time in nanoparticle

suspension with [SiO2] = 2.5 mg/mL. Statistical significance was determined by t-test
analysis.ns=p>0.5,*=p<0.5, **=p>0.01 and *** = p< 0.0001.
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5. NEW APPROACHES FOR

CIPROFLOXACIN DELIVERY FROM

SILICA NANOPARTICLES

5.1.Introduction
5.1.1. Delivery of hydrophobic molecules from silica nanoparticles
The delivery of many therapeutic small molecules from certain nanoparticles is limited
by their poor water solubility.? Due to the thermal and chemical stability and versatility
of silica nanoparticles, they represent an ideal scaffold for the design of nanocarriers
for hydrophylic molecules delivery.? Unfortunately, silica nanoparticles have an overall
surface negatively charge due to the hydroxyl groups on the framework and surface,
making them hydrophilic. Even if this feature results in a high colloidal stability, the
hydrophilic nature of the nanoparticle hinders the inclusion or even the loading of

hydrophobic molecules.

In order to overcome this problem, post-synthetic surface functionalization3> or
capping strategies®’ have been developed to increase particle-molecule interactions
or to ease inclusion of the hydrophobic molecule inside the pores of silica
nanoparticles (Figure 5.1). Increase of hydrophobic nature of nanoparticles cavities by
functionalization of surface hydroxyl groups has been one of the most followed
strategies reported in the literature. Polyethylene glycol (PEG)® and/or N-
isopropylacrylamide (NIPAM) derivative polymers* have been employed, among

others, with this aim. However, uncontrollable functionalization led to decrease in the
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colloidal stability of loaded particles and a case-by-case study is required in order to

assess the best polymer-cargo pairing to achieve the highest loading.

The inclusion of hydrophobic molecules in silica nanoparticles pores can be achieved
by incubating unloaded particles in organic solutions with high concentration of desired
cargo. Due to difference in concentration between outside and inside pores, a small
fraction of hydrophobic molecules will be adsorbed within the cavities. This approach
results in a very low loading efficiency and a rapid release of adsorbed cargos.
Because of this, capping strategies, can be modulated to prevent the hydrophobic
molecule from rapidly leakaging out from the hydrophobic framework. Capping
strategies have been profoundly reported and usually require a multi-step synthesis

process, being a very time consuming process.®

Hydraphobic cargo Polymer capping

Loaded mesopore Polymer capped loaded mesopore

— o
Mesopore Grafted palymer Hydrophobic cargo
S

Polymer grafted mesopore Polymer grafted loaded mesopore

Figure 5.1. Scheme of reported strategies to enhance the delivery of hydrophobic
molecules from porous silica nanoparticles.

Beside silica nanoparticles, delivery of hydrophobic molecules has been enhanced by
inclusion in amphiphile structures such us micelles or polymer particles.®-'" Resulting
loaded nanocarriers displayed a hydrophobic core where the molecule of interests in
entrapped and a hydrophilic surface, which provides colloidal stability to the carrier.
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Nevertheless, micelle-based drug delivery systems lack thermal stability and their
proper storage in solution is crucial for their final application, reducing their usage.?
Polymer nanocarriers, on the other hand, cannot be extrapolated to all hydrophobic
molecules as the interactions between the hydrophobic core and the hydrophobic

molecule has to be tailored case by case.’

The use of therapeutic micelles, such us, amphibolic antibiotic, have, however, not be
widely explored for the solubilization of therapeutic hydrophobic molecules. The only
reported cases described the encapsulation of non-therapeutic molecules such us

dyes in these kind of antibacterial micelles.®1°

5.1.2. Antibiotic templated silica nanoparticles
As previously explained in the introduction section, porous silica nanoparticles are
synthetized using a liquid-phase template. In a standard porous silica nanoparticle
synthesis, a liquid-phase template is formed initially by addition of a surfactant or
amphibolic polymer to the synthesis media. Then, the silica precursor is added and
the silica framework formation takes place around the already formed template.
Finally, and in order to make the formed porosity accessible for inclusion of molecules,
the template must be fully removed (Figure 5.2).'%17 In addition, remaining template,
beside reducing the porosity of the particle for future applications, also increases
cytotoxicity of the final nanoparticle, due to the toxicity of the template. A clear
example is CTAB, a widely employed quaternity ammonium surfactant for MSNs
(MCM-41) synthesis, highly toxic (ICso = 30 uM)'® and challenging to be fully removed
from the framework.>'® Hence, thorough removal of the template is a crucial step in

the development of porous silica nanoparticles for biomedical applications.
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Considering this disadvantage, porous silica nanoparticles where the template agents
are also the therapeutic agents have been developed (Figure 5.2). In these cases, the
removal of the template is not required as it if formed by the therapeutic agent that is
meant to be released later. Moreover, if the right therapeutic agents are chosen,
resulting nanoparticle also displays a porous structure, which allows high drug loading.
Unfortunately, this approach is limited to those therapeutic agents able to form a
template in the silica particle synthesis conditions. Nevertheless, the presence of open
pores to the outside, such us in case of MCM-41, SBA-15 or SBA-16 topologies, can

result in uncontrollable release of the therapeutic template.?

Sl
v, r
-
v
synthesis hydrolysis + pores filled by calcination drug loading drug adsorbed on
solution condensation of surfactant particle surface
silica

* Silica Precursor

- Drug

o Surfactant-Like Drug

» Surfactant
synthesis hydrolysis + pores filled by
solution condensation of drug

silica

Figure 5.2. Scheme of the synthesis of porous silica nanoparticles using (A) a
traditional non-therapeutic templating agent and (B) a therapeutic templating agent.
Reproduced from C. A. Stewart et al.?°

In case of silica particles for antibiotic delivery, the reported antibiotic templated porous
silica nanoparticles with antibacterial purposes are not very common. Until 2018
examples of antibiotic-templated porous silica nanoparticles were limited to the
structural study of resulting porous particles with no further experimentation about their

antibacterial properties.?%-?? It was not until 2018 when porous silica nanoparticles

325
Asier Rodriguez Muguruza — December 2023



templated with antibacterial compounds such us octanedione hydrochloride?®-25,
benzalkonium chloride?®?’, chlorohexidine?® or miramistin®®3° were developed,
displaying a MCM-41 porous structure, and their antibacterial activity was explored
(Figure 5.3). Activity of octadentidine-templates nanoparticles was confirmed against
oral S. mutans®>?°> and E. faecalis®* biofilms, while benzalkonium-template particles
showed antibacterial activity against planktonic S. aureus, S. enterica and E. coli?%?,
and chlorohexidine-templated particles were active against planktonic S. aureus and

E. coli.?8
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Figure 5.3. Chemical structure of antibacterial templating agents (A) octenidine
hydrochloride (B) benzalkonium chloride, (C) chlorhexidine and (D) miramistin.

Similar to previously mentioned surfactants, cetylpyridinium chloride (CPC) (Figure
5.4) is another surfactant-like antibacterial agent able to act as liquid-phase template
for the synthesis of porous silica nanoparticles, as firstly reported by D. Khushalani et
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al.?!, further explored by F. Testa et al.??, and then applied against E. faecalis and S.
mutans biofilms by A. Brezhnev et al.3' Reported porous particles presented a MCM-
41 porous structure with unidimensional periodic pores, leading to uncontrollable

release of the therapeutic template as previously demonstrated by diffusion assays.

In fact, CPC is an antiseptic compound widely employed in dental hygiene products,
such as mouthwashes. It possesses a cationic quaternary ammonium head group and
a hexadecyl aliphatic tail which allows micelle formation above the critical micelle
concentration (CMC). CPC mechanism of action varies depending on CPC'’s
concentration.®? At low concentration, bellow the CMC, CPC is able to interfere with
the osmoregulation and homeostasis of the bacterial cell.3® At higher concentrations,
above the CMC, disintegration of cell membrane with subsequent leakage of
cytoplasmatic content has been described by F. Cieplik et al.3* The ability of cationic
surfactants to interact with the negatively charged bacterial membrane has been
previously reported, leading to displacement of divalent cations and increase in

membrane permeability.3°

z

N Cr

Figure 5.4. Chemical structure of cetylpyridinium chloride (CPC).

Above its CMC (1 mM in H20 at 25 °C and pH 7.4), CPC is able to form spherical
shape micelles with a diameter of 2.7 £ 0.1 nm according to differential function theory
and quasi-elastic dynamic light scattering simulations.3¢-38 Nevertheless, CPC-micelle

structures vary depending on the solvent system they are formed.36:3940
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Furthermore, CPC-micelles have been extensively employed to investigate the
interactions between small molecules and micellar structures through nuclear and
optical spectroscopic techniques. These studied have elucidated that the chemical
nature of the guest molecule will direct its position in the hydrophilic surface, in the
palisade (region localised between the hydrophobic core and the hydrophilic outer
region of the micelle) or in the hydrophobic core. Nevertheless, explored small
molecules were primarily organic dyes and macrocycles.'*-%3% |buprofen, is the only
therapeutic agent whose interactions with CPC-micelles, to this date, have been
explored for delivery application from the micelles.*' As expected, higher solubilization

of ibuprofen was observed upon combination with CPC-micelles.

5.1.3. Silica nanoparticles with organic bridges
As previously mentioned, tailoring the interactions between the nanoparticle
framework and the desired cargo is a crucial strategy for its efficient inclusion. While
earlier described systems are based on the functionalization of the nanoparticle or/and
pore surface to increase its hydrophobicity, a more straightforward approach can also
be explored based on the use of silyl precursors bridged by organic moieties. Silyl-
precursors with one of more organic pendant groups has been also explored, and
widely reviewed.*?*3 Following this strategy, the chemical nature of the framework can
be modified, which also alters the porosity of the framework. Inclusion of bulkier
spacers within the framework expands the porous network of the nanoparticle, leading
to nanoparticles with higher porosity. Guo et al. demonstrated how the length and
rigidity of the organic bridge can affect the porosity of the resulting amorphous
materials.*4*¢ They first studied the formation of bridged organosilica xerogel
membranes containing ethane (R-C-C-R), ethene (R-C=C-R) or ethyne (R-C=C-R)

328
Asier Rodriguez Muguruza — December 2023



bridges. As the rigidity of the C-C bong increased so did the porosity of the resulting
material, obtaining BET surface area of 475 m?g™' for ethane containing xerogels,
which increased to 597 m?g' for ethyne-bridged materials.*®> Similarly, they
investigated the effect of extending the phenyl linker to biphenyl. Resulting materials
displayed higher porosity and gas permeability in case of the biphenyl-based
memebrane.*® Even though this features has been while explored for gas separation
purposed, the expansion of amorphous silica framework for drug delivery has not been
examined yet. Nevertheless, PMO nanoparticles has been previously reported for this
purpose, but doe to their high open porosity the face the same limitations than MSNs

regarding fast and burst cargo release.*’4®

Moreover, inclusion of organic moieties in the framework, as also shown in the
previous chapter, can result in interesting interactions with the included cargo. In this
context and continuing with the aim of enhancing the inclusion and release of
hydrophobic antibiotic in silica nanoparticles we decided to explore the behaviour of
1,4-bis(triethoxysilyl)lbenzene (BTEB, Figure 5.5A) based polysilesquioxane (PSQ)
nanoparticles. BTEB-containing nanoparticles has previously shown, for instance,
selective gas permeability for hydrophobic gases such us CO..#8 The affinity of phenyl
moieties for hydrophobic cargos could be employed for the enhancement of
hydrophobic drug inclusion within PSQ framework. Finally, as reported by Okamoto
et al.*%, BTEB-based PSQ nanoparticles displayed a high intrinsic porosity (Figure
5.5B) which would be beneficial to facilitate the diffusion and, thereby, release of the

included antibiotics.
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Figure 5.5. (A) Chemical structure of 1,4-bis(triethoxysilyl)benzene (BTEB) and (B)

N2 adsorption-desorption isotherm of BTEB-based PSQ as reported by Okamoto et
al.*®

There are no examples of BTEB-based PSQ nanoparticles for drug delivery in the
literature. Reported silica-based DDS containing phenyl bridges are limited to
nanoparticles formed via condensation of BTEB with (mesoporous organosilica
nanoparticles) or without (periodic mesoporous organosilica) TEOS in presence of a
liquid-phase template. Nevertheless, reported systems have shown higher
encapsulation efficiency of hydrophobic cargos, such us dyes or drugs, due to
hydrophobic interactions with the framework;%°-23 highlighting the potential of PSQ

nanoparticles to act as efficiently DDS for hydrophobic antibiotics.

5.1.4. Chapter outline
We report two different approaches for the enhanced encapsulation and release of
hydrophobic antibiotics (Figure 5.6). Inclusion of model antibiotic ciprofloxacin (CPX),
a hydrophobic antibiotic widely used in antibacterial therapies, was chosen. We firstly
explored its entrapment in CPC micelles and subsequent inclusion of the CPC-CPX
assemblies in silica nanoparticles resulting in a significant improvement in CPX’s
loading. Moreover, the use of the CPC micelles acts as a template in the particle

formation, achieving a non-periodic porous structure that also contributes to the
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efficient delivery of included cargos. Secondly, we took advantage of the use of BTEB-
based PSQ nanoparticles for encapsulation and release of CPX. The interactions
between the organic bridged and the antibiotic molecules, along with the intrinsic
porosity of resulting nanoparticles display an ideal scenario for efficient antibiotic

delivery.

Cetylpyridinium chloride
(CPC)

Poorly water-soluble
ciprofloxacin (CPX) Posysilesquioxane (PSQ)
- . precursor

Drug
loaded Y
micelle

Dual-antimicrobial loaded SiO, CPX loaded PSQ

Figure 5.6. Schematic representation of developed strategy of hydrophobic antibiotic
encapsulation in silica nanoparticles via entrapment in antiseptic micelles.

The first part of the work presented in this chapter resulted in the following publication:
A. R. Muguruza, M. L. Odyniec, M. Manhota, Z. Habib, K. Rurack, J. M. A. Blair, S.
Kuehne, A. D. Walmsley, Z. Pikramenou, Microporous Mesoporous Mater., 2024, 363,

112841.
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5.2.Results and discussion

5.2.1. Interactions between CPX and CPC micelles
The antibiotic CPX (Figure 5.7) was chosen as a model molecule as it represents a
widely employed clinical antibiotic and it possess characteristics optical properties that
will allows us to better understand the interactions between CPX and the CPC
micelles. Interactions between CPX and CPC micelles were studied by a plethora of
techniques, from Dynamic Light Scattering (DLS) to optical (UV/Vis and fluorescence
spectroscopy), Nuclear Magnetic Resonance (NMR) spectroscopy and Isothermal
Titration Calorimetry (ITC). All analysis were performed in carbonate buffer (HCO3
/CO3?%, 0.1 M, pH 10.6) in order to mimic the synthesis conditions of the silica
particles.* CPX is a poorly-water soluble antibiotic.®°¢ At this pH, CPX presents a
monoanionic form as the carboxylate group is deprotonated (pKa = 5.90). The

piperazine group, at pH 10.6 remains neutral (pKa = 8.89).%"

.

O O
Figure 5.7. Chemical structure of model antibiotic CPX at pH 10.6.

5.2.1.1. Dynamic Light Scattering
Firstly, interactions between CPX and CPC micelles were explored by DLS. CPC
micelles were formed in carbonate buffer at 2 mM, above its CMC (1 mM). The
formation of micelles in carbonate buffer was monitored by DLS to ensure micelle

formation at 2 mM (Figure 5.S.1). Under these conditions, formed CPC micelles
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displayed a hydrodynamic diameter (by volume) of 4.9 + 1.2 nm (Figure 5.8 and Figure
5.S.1). Upon addition of CPX up to 6 mM, the CPC micelle size increased until 6.8 +
1.2 nm (Figure 5.8). Similarly, the hydrodynamic sized by intensity and number also
increased upon addition of CPX (Table 5.S1). The increase in the hydrodynamic size
of micelle upon entrapment of molecules has been previously reported.’3585°
Moreover, surface C-potential of CPC micelles before addition of CPX was measured
to be +23 £ 2 mV, due to the positive charged pyridinium heads, that in oil-in-water
systems, will be on the micelle outer surface.®® Upon addition of CPX (6 mM), ¢-
potential of resulted micelles decreased to +15 + 1 mV, associated with the changes
in the electron density of the pyridinium head of the CPC.'#6" This supposes the first
evidence of interactions between CPX and CPC micelles. Nevertheless, DLS analysis
is not enough to elucidate the precise interaction between CPX and CPC-micelles,
neither the location of the antibiotic within the micelle. Therefore, NMR spectroscopy

was employed in order to clarify these interactions.
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Figure 5.8. Monitoring of CPC micelle’s (2mM) hydrodynamic diameter (by volume)
and upon addition of CPX in carbonate buffer (HCO3/CQO3%, 0.1 M, pH 10.6) (n = 5).
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5.2.1.2. Nuclear Magnetic Resonance
Based on the results from DLS analysis of micelles in presence and absence of CPX,
Proton Nuclear Magnetic Resonance ("H-NMR) spectroscopy was employed to further
elucidate the interactions between CPX and CPC micelles. "H NMR spectroscopy is
able to detect changes in the local electronic environment of protons provoked by
binding events. These changes, translated in shifts in protons NMR resonances allows

us to elucidate the precise interactions between molecules.

"H NMR analyses of CPC in carbonate buffer (D20, HCO3/C0O3%, 0.1 M, pD 10.6)
bellow (0.5 mM) and above (2 mM) its CMC, confirmed the presence of CPC micelles
at 2 mM based on the characteristic shifts in proton resonances when the
concentration increases from 0.5 mM to 2 mM (Figure 5.9 and Table 5.S2). The
pyridinium protons His (6=8.89 ppm) and alkyl protons H7 (6=1.94 ppm) and Hg
(6=4.63 ppm) experienced upfield shifts (Ad= +0.01-0.03 ppm), while the remaining
proton resonances of the aliphatic tail Ho—22 (6=1.08—1.26 ppm) showed downfield
resonance shifts. These results indicate a change in CPC environment due to micelle

formation and it is supported by previous studied undertaken in D20Q.39:62

5 N3
22 8 .|
N,

CPC 2mM (>CMC)

l
|
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Figure 5.9. '"H NMR (500 MHz, HCO3/CQ3?> D20 buffer, 0.1 M, pD 10.6) of CPC
bellow (0.5 mM) and above (2 mM) the CMC, showing proton shift due to micelle
formation.
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Furthermore, 'H two-dimensional Nuclear Overhauser effect spectroscopy (NOESY)
revealed intermolecular interactions between CPC molecules above its CMC (2 mM)
(Figure 5.10). The observed interactions by NOESY were between pyridinium protons
H24 (6=8.08 ppm) and H15 (6=8.89 ppm) with aliphatic protons He—1 (6=1.08-1.26
ppm) and between Hg (6=4.63 ppm) with Hg_21 (6=1.08-1.26 ppm) and Hs (6=4.63
ppm) with pyridinium protons Hi 5 (6=8.89 ppm). Intramolecular interactions of CPC
molecules were identified from the NOESY spectra based on 'H-NMR Correlated
Spectroscopy (COSY) experiments (Figure 5.S3). Elucidated intermolecular
interactions between CPC molecules above its CMC supports the close proximity of

monomer in the micellar structure.
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Figure 5.10. NOESY (500 MHz, HCO3/CO3% D20 buffer, 0.1 M, pD 10.6) of CPC
(2mM) above the CMC. NOESY interactions (intermolecular) are labelled in blue
boxes and COSY interactions (intramolecular) in yellow boxes.

With the aim of exploring the interactions between CPX and CPC micelles, a
carbonate buffer (HCO3/COs%, 0.1 M, pD 10.6) solution of both antibiotics with molar

ratio of 1:12 of CPX (4 mM) to CPC (43 mM) was employed. The 1:12 CPX:CPC ratio
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was chosen to ensure that the majority of CPX molecules would be interacting with
the CPC micelles. An excess of CPX would result in CPX molecules not interacting
with the CPC micelles, being translated into different NMR resonances, being
challenging to interpret. Furthermore, in the synthesis of silica nanoparticles the 1:12

ratio of CPX:CPC would be employed.

Firstly, we investigated the resonance shifts of CPC protons upon addition of CPX
(Figure 5.11 and Table. 5.S3). The '"H-NMR spectra of CPC micelles showed a small
upfield resonance shifts in all protons beside the terminal methyl protons (Ha2,
0=0.77 ppm), which did not suffer any shift. Observed shifts indicated that in the
presence of CPX the environment of the CPC monomers changed. In fact, this result
has been previously reported as consequence of interactions between cationic
micelles and aromatic molecules.®?83 The lack of change in the proton NMR
resonance of the terminal group suggests that the CPX could be located at the micelle-
water interface, far from the terminal H22 located in the inner hydrophobic core of the
micelle. These interactions have been previously described for polar molecules on

addition to anionic and cationic micelles.62-64

With respect to the proton NMR spectra of CPX in presence of CPC micelles, all
resonances of CPX displayed an upfield shift except for the resonances assigned to
the cyclopropane protons (H*11). Beside the changes in resonance shifts, splitting of
CPX proton signals is also affected by the presence of CPC micelles. Piperazine
protons H*2 24 and cyclopropane protons H*11 and H*19,18 appear broadened and the
aromatic protons H*s, H*3 H*g appear with two sets of resonances. These patterns may
indicate the molecules are in different environments affected either by the viscosity of
solution,®3 local environments®® or changes in molecular tumbling.®® The significant
changes observed in "H NMR spectra of CPX in the aromatic region may be attributed
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to interactions of the negatively charged 1 system of CPX with the positively charged

pyridinium group of CPC through cation-1r interactions.66-68

CPC o

CPX+CPC | |

.5 10.0 95 9.0 85 8.0 75 70 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5
fl (ppm)

Figure 5.11. "H-NMR (500 MHz, HCO3/CO3? D20 buffer, 0.1 M pD 10.6) of CPX (4
mM), CPC (43 mM) and a CPX (4 mM) CPC (43 mM) mixture.

Interaction between CPX and CPC micelles were further investigated by NOESY
experiments (Figure 5.12). Two distinctive Nuclear Overhauser Effects (NOEs) were
observed between CPX and CPC, labelled in purple in Figure 5.12. One of the signals
correspond to the interactions between the protons of the cyclopropane ring at 6=3.5
ppm and the aliphatic chain protons of CPC (Hg-21) at 6=1.30 ppm. The other NOE
corresponds to the H*11 proton on the cyclopropane ring at =3.5 ppm and the aliphatic

chain protons of CPC (Ho-21) at 6=1.30 ppm. Furthermore, NOEs between CPC
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micelles identified in Figure 5.12 did not suffer any change upon addition of CPX,
which indicates that the CPC micellar structure remains stable in presence of CPX.
Interestingly, a new NOE between CPC monomers was observed in presence of CPX.
The new interaction was observed between CPC pyridinium protons H4 5 (6=8.89 ppm)
and neighbouring CPC protons H7 (6=1.94 ppm), suggesting a closer packing of these

protons within the CPC micelles through-space than without CPX.

Thereby, the shifts in 'TH NMR spectra and presence of NOEs indicate that the
cyclopropane ring of CPX is interacting with the aliphatic tails of CPC micelles in the
palisade layer of the micelle, namely between the hydrophilic groups and first few
carbon atoms of hydrophobic groups as there is no change in resonance of the
terminal protons of Hz2 (5=0.77 ppm).%8 In addition, cation-1r interactions between
pyridinium headgroups of CPC micelles and CPX aromatic protons (H%, HXs, H*3) at
0=7.74 ppm, 6=7.53 ppm and 8=8.49 ppm, illustrate the CPX molecule is sitting at the
micelle-water interface, with the piperazine group (H*20-24 at $=3.24-2.28 ppm) pointing
outwards as there is an absence of NOEs and the piperazine group is able to hydrogen
bond with solvent molecules. Based on this study we propose the interactions fashion
depicted in Figure 5.13. Moreover, an Isothermal Titration Calorimetry (ITC)

experiment confirmed the interaction, calculating a Kp of 6.30 £ 0.7 mM (Figure 5.S5).
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Figure 5.12. NOESY (500 MHz, HCO3/CO3? D.0 buffer, 0.1 M, pD 10.6) of CPX (4
mM) and CPC micelles (43 mM). NOESY interactions (intermolecular) are labelled in

purple boxes and COSY interactions (intramolecular) in yellow (for CPX) and green
(for CPC) boxes.
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Figure 5.13. lllustration of proposed interactions between CPX molecules (yellow) and
CPC micelles (blue). For clarity interactions between one CPX molecule and two CPC
monomers are also depicted.

5.2.1.3. Optical spectroscopy
Additionally, optical spectroscopy was employed to further explore the interactions
between the antibiotics and CPC. The absorption properties of CPX were investigated
in a CPC micellar medium at pH 10.6. The UV-Vis spectra of CPC show a single
absorption band with maximum at 259 nm (¢ = 4190 M~'cm™). In carbonate buffer
CPX has two absorption bands at 270 nm (¢ = 39000 M~'cm™) and 325 nm (¢ = 17000
M~'em™") (Figure 5.S6). Due to the overlapping between the higher energy absorption
band of CPX with CPC, changes in this band cannot be monitored. Therefore,
interactions between molecules will be investigated by monitoring the CPX lower
energy absorption band at 325 nm. Upon addition of CPC to a CPX solution (10 uM)
in carbonate buffer (HCO3/COs%, 0.1 M, pH 10.6), a bathochromic shift of the 325 nm

band was observed. The shift continued until the CPC concentration reached its CMC
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(1 mM). In the highest CPC concentration explored (6 mM, >CMC), there was a
bathochromic shift to 334 nm (AA = +9 nm) (Figure 5.14). These data indicate that in
the presence of CPC micelles there is a change in environment for the antibiotics,

supporting the interactions described by NOESY.
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Figure 5.14. UV/Vis spectroscopy study of CPX (10 uM) upon addition of CPC up to
6 mM in carbonate buffer (HCO3/C0Os%, 0.1 M, pH 10.6).

Furthermore, the change of the environment upon micelle formation was also
investigated by steady-state and time resolved fluorescence spectroscopy (Figure
5.15). CPX (10 uM) displays a maximum emission wavelength at 425 nm upon
excitation at 340 nm at pH 10.6. However, after addition of CPC (2 mM > CMC), CPX
emission suffered a significant decrease in intensity. Accordingly, time-revolved
fluorescence studies showed a decrease in luminescence lifetime decay (Aexc =
375 nm, Aem = 425 nm) upon CPC addition from 7.3 ns to 3.3 ns (Table 5.S4). The
spectroscopic observations indicate that there is a change of the environment of CPX
which quenches the luminescence. There may be aggregation-induced quenching
which has been previously described for other fluoroquinolines, caused by the close
proximity of CPX molecules within the CPC micelle, or quenching from CPC as

observed for other anionic aromatic fluorescent dyes.5%7°
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Figure 5.15. Optical spectroscopy of antibiotics in presence of CPC. (A) Steady state
(Aexc = 340 nm) and (B) time-resolved exponential fluorescence decay (Aexc = 375 nm,

Aem = 425 nm) of a CPX solution (10 uM) before and after addition of CPC (2 mM) in
carbonate buffer (HCO3/CO327, 0.1 M, pH 10.6).

These results from optical spectroscopy further confirms the interactions between CPX
and CPC micelles, also sustaining the location of CPX molecules close to the

hydrophilic surface of the micelle.

5.2.2. Synthesis of SiO2oCPC-CPX
After thoroughly investigating the interactions between CPX and CPC molecules, we
decided to include them in silica particles for the development of dual antimicrobial
loaded nanoparticle with enhanced delivery of CPX. For that, we decided to follow a
previously reported synthesis of silica nanoparticles.>* Briefly, the silica synthesis is
started by combining the silica precursor (TEOS), ethanol, water and ammonium
hydroxide for 3 h and then a solution containing CPX and CPC in 1:12 ratio is added.
Finally, the silica particle formation is continued for another 6 h (Figure 5.16). This

synthesis strategy yields silica particles (SiO2oCPC-CPX) with a solid silica core
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(formed in the first 3 h of the reaction) and a silica shell containing the desired cargo

or cargos which is formed in the subsequent 6 h.

cox NH,OH, EtOH/H,0

Self assembly .

CPC CPC-CPX

Reaction continued for

L | 6h,rt .
Q . __NH.OH, EtOH/H,0
/\0":‘.)"0 Ihrt $i0,5CPC-CPX
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Figure 5.16. Scheme of the synthesis of SiO2>CPC-CPX.

As control particles, and in order to study the enhanced delivery of CPX from
Si02oCPC-CPX, particles containing only CPC micelles (SiO2>CPC) or CPX

(Si02oCPX) were synthetized following the same methodology.

5.2.3. Characterization of SiO2.>oCPC-CPX
5.2.3.1. Size and morphology of CPC-CPX micelles and
Si0.oCPC-CPX
Initially, the size and morphology of the CPC-CPX micelles before their inclusion in the
silica nanoparticles was explored by TEM. Premixed solution of CPX and CPC in 1:12

ratio was deposited in carbon-coated copper grids and they were imaged by TEM
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(Figure 5.17). Recorded images showed spherical micelles with two different size
populations of 3 £2 nm (n = 50) and 7 £ 2 nm (n = 50). The two population of CPC-
CPX can be attributed to the drying process of the sample before imaging. Similarly,
CPC micelles in the absence of CPX resulted predominant population of 3 £ 1 nm (n

= 50) (Figure 5.57).
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Figure 5.17. (A) Representative Transmission Electron Microscopy (TEM) image of
CPC-CPX micelles formed by addition of CPX (4 mM) to a CPC micelle solution (43
mM) and (B) normal size distribution of micelles (n =50).

Afterward, size and morphology of SiO,>CPC-CPX was explored. DLS analysis of
particles is summarised in Table 5.1, Table 5.S5 and Figure 5.S8. SiO.oCPC-CPX
particles displayed a hydrodynamic diameter by volume of 237 + 42 nm and 215 £ 30
by number. Moreover, nanoparticles had a positive {-potential of + 35 £ 8 mV which
was assigned to the present of the positively charged CPC in the nanoparticles

surface. SiO2>CPC and SiO2>CPX particles displayed a hydrodynamic diameter (D),
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by volume, of 263 £ 47 nm and 187 £ 22 nm, respective. SiO2>CPC also displayed a
positive C-potential of + 35 + 17 mV while SiO2>CPX had a negative C-potential of -15
+ 5 mV. The negative {-potential of SiO225CPX is a result of the absence of CPC in
the synthesis, and hence, in the particle surface. Electron microscopy analysis of
SiO2oCPC-CPX particles (Figure 5.18) revealed spherical particle with uniform size
with a size distribution by SEM of 230 £ 25 nm (n = 50). SiO2>CPC and SiO2>CPX,

meanwhile, resulted in a size distribution by SEM of 210 + 55 nm and 251 + 44 nm.

Presence of CPC and CPX within the nanoparticles was confirmed by solid-state
UV/IVis absorption spectroscopy (Figure 5. 18D). Spectrum of the nanoparticles
powder showed two adsorption bands, a clear adsorption bad of CPX centred at 325
nm and a broad band at lower wavelength with Amax at 260 nm which was attributed to
the combination of the absorption band of CPC at 259 nm and the higher energy
adsorption band of CPX at 270 nm. Equally, solid-state UV/Vis spectroscopy

confirmed the presence of CPC in SiO2o>CPC and of CPX in SiO2o>CPX.

Table 5.1. DLS and (-potential measurements of SiO2>CPC-CPX particles

Hydrodynamic diameter (Dn) / nm C-potential
Intensity Volume Number PDI /I mV
250 + 50 237 £ 42 215+ 30 0.33 +35+8
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Figure S.18. Characterization of SiO2>CPC-CPX. (A) SEM and (C) TEM images of
nanoparticles and (C) nanoparticle size distribution based on SEM images (n = 50).
Presence of CPC and CPX was confirmed by (D) solid-state UV/Vis absorption.

5.2.3.2. Quantification of SiO.>CPC-CPX loading
Quantification of included CPC and CPX in SiO2>CPC-CPX nanoparticles was
calculated through two different methodologies. Firstly, estimation of included cargos
was done by calculating the remaining CPC and CPX in the synthesis solution after
particle synthesis by UV/Vis spectroscopy. For the UV/Vis analysis the absorption
band at 340 nm was employed to calculate the CPX loading and the combined band
at lower wavelength was deconvoluted in order to quantify the absorption of CPC at
270 nm. Secondly, Thermogravimetric Analysis (TGA) was employed to estimate the

organic content in the particle.
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UV/Vis spectroscopy analysis of the synthesis supernatant resulted in an estimated
loading of CPX of 7.2 ugcex/mgnes and 120 pgcec/mgnes for CPC. The estimated
loading represents a loading efficiency 84 % for CPX. Meanwhile, in the absence of
CPC, the loading efficiency of CPX dropped to 35 % (30 nugcpx/mgnps). This difference
highlights the importance of CPC micelles as carries for CPX for its inclusion in silica
nanoparticles. In fact, CPX, in synthesis conditions (pH 11) has a negatively charge
arisen from the deprotonation of the carboxylic groups. The silica framework is, also,
negatively charged due to the abundance of hydroxyl groups that at pH 11 are mostly
deprotonated (pka = 7.5-9.5).”"-"3 The repulsive interactions between the antibiotic
and the framework would lead to the estimated low loading efficiency in case of
Si02oCPX. The loading of CPC in SiO22CPC does not significantly differ from

Si02oCPC-CPX with a loading of 10.0 ugcrc/mgnes.

Thermogravimetric analysis (TGA) was also utilised in order to quantify antibiotics
loading. However, due to the broad thermal degradation pattern of antibiotic inside the
silica framework, the quantification of each antibiotic individually was not possible in
case of Si025CPC-CPX, estimating an overall organic content from the TGA curve
(Figure 5.19). The thermal degradation curve of SiO2o5CPC-CPX showed initial weigh
loss step between 30 and 120 °C was associated with the loss of absorbed water
molecules, the second step between 120 °C and 225 °C with the uncondensed ethoxy
groups of the silica precursor and the rest of the degradation was associated to the
presence of the antibiotics. Upon direct comparison with unloaded silica nanoparticles,
synthetized by the same methodology with no antibiotic addition, a total organic
content of 185 ug/mgnes was estimated for SiO2oCPC-CPX, which is in good
agreement with the calculated loading by UV/Vis spectroscopy (191 pg/mgnes)

considering the limitations and error of each technique. TGA curve of SiO2o>CPC
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showed a weight loss of 98 pug/mgnes assigned to CPC and SiO2>CPC an organic

content of 27 ng/mgnps associated with included CPX (Figure 5.513).
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Figure 5.19. Quantification of loaded antibiotics. (A) Loading efficiency of CPX
estimated by UV/Vis of synthesis supernatant in presence and absence of CPC
micelles and (B) thermogravimetric curve of SiO2o>CPC-CPX. Nanoparticles were
dried at 120 °C for 2 h prior the measurements. Thermal degradation curve of

unloaded nanoparticles (SiO2) and antibiotics in added as reference. TGA profile was
recorded in a 5 °C min' heating ramp from 30 to 1000 °C under air flow.

5.2.3.3. Porous structure of SiO2>CPC-CPX
As previously reported in the literature, the inclusion of micellar structures formed by
antimicrobials amphiphilic lead to porous silica nanoparticles. Thereby, we studied the
porosity of nanoparticles resulted after the inclusion of CPC micelles. For it, we
employed N2 porosimetry. N> porosimetry is a standardised technique for porous
materials that measure the adsorption and desorption amount of N2 at 77 K at different
pressures (Figure 5.21).”* From this data, the surface area of the materials can be
calculated based on the Braunauer-Emmett-Teller (BET) theory and the pore size
distribution.”®"® All samples were dried at 120 °C prior to the experiment to ensure the

evacuation of solvent molecules and gases trapped within the framework.
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In order to reveal the porosity formed by the micelles, nanoparticles were subjected to
a calcination process at 600 °C for 18 h to ensure fully removal of the antibiotics. 600
°C was chosen as calcination temperature based on thermal degradation profiles
(Figure 5.19) that showed weight loss in nanoparticles until 600 °C. N> adsorption-
desorption isotherm of calcinated SiO2o5CPC resulted on a type Il isotherm with a
calculated BET surface area of 153 + 3 m?g™". Upon calcination, SiO,>CPC-CPX also
displayed a type Il isotherm with a BET surface area of 215 + 4 m?g'. Before
calcination, however, a type | isotherm, associated to non-porous materials, was
recorded in both nanoparticles with BET surface area of 17 £+ 1 m?g™" and 5 + 1 m?g”’
for Si02oCPC-CPX and SiO2o5CPC, respectively. The reduced BET surface area
before calcination is due to the presence of the antibiotic micelles within the
framework, which, during the calcination process are removed and the empty pores
revealed. This process is a common methodology in MCM-41 and other porous

materials preparation in order to empty the pores before drug inclusion.

Furthermore, calculate average pore size for Si0O2oCPC was 2.5 nm and for
SiO2.oCPC-CPX was 2.7 nm. The calculated pore sizes, however, may not reflect the
size difference calculate by TEM imagine of micelles (Figure 5.17 and Figure 5.S7)

given the changes on the silica framework during calcination.
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Figure 5.20. N> adsorption-desorption isotherms at 77 K of (A) SiO.>CPC and (B)
Si02oCPC-CPX and calculated pore size distribution for (C) SiO2>CPC and (D)
SiO2.o5CPC-CPX before and after calcination at 600 °C for 18 h.

N2 adsorption-desorption analysis of SiO2>CPX (Figure 5.514) was also performed
to ensure that the increase of porosity observed in CPC-containing nanoparticles was
due to the inclusion of the micelles, acting as template. Isotherm of calcinated
SiO2oCPX resulted in a type | isotherm, characteristic of non-porous materials, with a
calculated BET surface area of 11 £ 2 m?g, showing no significance difference with
the analysis of the particle before calcination (BET = 7 + 1 m?g™"). These results
confirmed that the described porosity is related with the inclusion of the CPC micelles

within the silica framework.
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Previously reported antibacterial templated silica nanoparticles resulted in BET
surface areas between 798 m?g' and 1579 m?g1.26:31.77 Specially, reported CPC-
templated silica nanoparticles displayed BET surface area between 856 m?g"' and
1050 m?g.202231 The lower BET surface area of SiO.>CPC and SiO,>CPC-CPX
can be attributed to the template assembly. While previously reported CPC-templated
nanoparticles showed an MCM-41 or SBA-15 structure with unidimensional pores due
to the hexagonal packing of the CPC cylindrical micelles in synthesis conditions
(Figure 5.21A). In the reported synthesis conditions, CPC and CPC-CPX micelles
showed a spherical shape by TEM (Figure 5.17 and Figure 5.S7). In fact, morphology
of CPC micelles is very dependent on the dispersant composition, and preciously
reported.*? Furthermore, previously reported CPC-templated MSNs displayed a Type
IV N2 isotherm, while SiO25CPC and SiO2oCPC-CPX displayed a Type Il. Alongside
estimated pore size and template confirmation we propose the “closed-pore” porous
structure, as previously reported for other materials.”® This porous structure is
composed by spherical shaped nanometre-sized pores connected or not between

them (Figure 5.21B).

Figure S21. Difference between porous structure of (A) previously reported CPC-
templated silica nanoparticles?°3" and (B) proposed porous structure of nanoparticles
reported in this work, reproduced from K. Hee Ku et al. 78
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5.2.4. Release studies of SiO.>CPC-CPX
Release studies were conducted to demonstrate the ability of produced nanoparticles
to act as drug delivery systems. For it, nanoparticles were dispersed in water and,
upon stirring, the released antibiotic was quantified by UV/Vis spectroscopy of the
supernatant after particle removal by centrifugation. Release experiments were
conducted for 48 h to explore the capacity of the particles to release the included

antibiotic over time.

Release studies of SiO2>CPC-CPX (2 mg/mL) in water (Figure 5.22) showed a
cumulative CPC release up to 23 + 2 ugcec/mL after 48 h where it looks that the CPC
release has not reached the maximum yet, as the release curve did not plateau. In
addition, CPX release of 0.9 + 0.2 ygcpx/mL is observed after 48 h, exhibiting release
of both antimicrobials from SiO25CPC-CPX. SiO2>CPC nanoparticles released up to
35 + 7 pgcec/mL after 48 h (Figure 5.S15A). However, SiO2o5CPX released a
maximum of 0.7 £ 0.2 pgcex/mL (Figure 5.S15B). Moreover, it must be highlighted that
SiO2o5CPX nanoparticles did not showed any detectable release up to 24 h of release
studies. The concentration of antibiotics released from SiO22>CPC-CPX are above the
Minimal Inhibitory Concentration (MIC) values for susceptible bacterial strains,

demonstrating their potential of the developed nanoparticles for drug delivery.’®
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Figure 5.22. Release studies of SiO2oCPC-CPX under stirring at 25 °C. (A)
representative UV/Vis spectra of released antibiotic in water and (B) cumulative
release of CPC and CPX over 48 h.

We further explored the release abilities of designed nanoparticles by physical
disruption of included micelles by chemical trapping. This procedure allowed us to
explore the maximum release of antibiotics from nanoparticles. Chemical trapping has
been previously reported as a phenomenon taking place when short length alcohol
concentration is increased in an aqueous micelle solution, which lead to micelle size
reduction, and eventually, micelle disruption.®? Upon increasing alcohol concentration
micelle destabilisation takes place, ending in micelle breakdown and subsequent

release of entrapped cargo.

Upon stirring of nanoparticles in methanol (2 mg/mL) for 24 h, a release of
6.4 £ 0.7 pgcpx/mL of CPX and 140 + 14 pgcec/mL of CPC was calculated for

SiO2oCPC-CPX; similar to the released 165 * 20 ugcec/mL from SiO2>CPC.
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5.2.5. Validation of encapsulation strategy with rifampicin
Beside CPX, another hydrophobic antibiotic, rifampicin (RIF), was chosen to explore
the ability of CPC micelles to enhance the encapsulation and delivery of hydrophobic
antibiotics from silica nanoparticles. This work was fully performed by Dr. Maria L.
Odyniec, and it is part of the scientific publication resulted from this work. Thereby, a
brief overview of the results will be presented in this section in order to demonstrate
that the designed encapsulation strategy can be translated to other hydrophobic
antibiotics. All data related to the encapsulate of RIF via entrapment in CPC micelles

can be found in the article associated with this chapter.?

5.2.6. Synthesis and characterization of PSQ>CPX
PSQ nanoparticles containing CPX antibiotic (PSQ>CPX) were synthetized based on
previously reported methodology by K. Okamoto et al.*® Briefly, PSQ>CPX were
synthetized in aqueous basic conditions in presence of CPX. Due to the low solubility
of the BTEB precursor, the aqueous mixture of BTEB was sonicated in order to
achieve a homogenous emulsion. Then, the emulsion was stirred at room temperature
for 20 h followed by 72 h in reflux, yielding a white precipitate. PSQ particle with no

antibiotic were synthetized through the same methodology in absence of CPX.

5.2.6.1. Size and morphology of PSQ and PSQ>CPX
Electron microscopy imaging of PSQ>CPX particles (Figure 5.23A and 23C) revealed
leaf-like nanoparticles with uniform dimensions with size distributions by TEM of 72
8 nm and 38 = 8 nm, for both, longitudinal and axial dimensions (n = 50). Observed

morphology was previously reported by K. Okamoto et al.*® PSQ nanoparticles also
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displayed described morphology, with again, very similar dimensions compared with
CPX containing PSQ>CPX (Figure 5.S17).
10
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B) [ JAxial

8F n=50

0 20 40 60 80 100 120 140
Size / nm
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Figure 5.23. Morphological study of PSQ>CPX. (A) SEM and (C) TEM images of
PSQ>CPX and (B) nanoparticle size distribution based on TEM images (n = 50). (D)

graphical representation of a single PSQ>CPX nanoparticle with estimated
dimensions based on TEM images.

Resulted PSQ>CPX displayed a hydrodynamic size of 94 + 44 nm by volume and 66
+ 32 by number; with a PDI of 0.14 indicating that the nanoparticles had good
monodispersion (Figure 5.S16, Table 5.6). Nevertheless, due to the non-spherical
morphology of nanoparticle, DLS measurements are not fully representative, as DLS
assume the morphology of particles to be spherical.2> Moreover, a {-potential of — 48
+ 9 mV was measured. Yielded nanoparticles would present a high concentration of
benzene moieties within the framework, which would increase the hydrophobicity of

the it; however, the high concentration of hydroxyl groups from the silyl moieties of the
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precursor also contributed to the final surface {-potential, resulting in negative values.

Unloaded particles, PSQ, displayed very similar {-potential, summarised in Table 5.S6

and Figure 5.516.

Presence of CPX in PSQ>CPX was confirmed by spectroscopic techniques (Figure
5.24). Solid-state absorption UV/Vis spectrum of PSQ>CPX (Figure 5.24A) showed
two broad absorption bands, one centred at 270 nm and the other one centred at 333
nm. The band at 270 nm is the results of overlapping of CPX high energy absorption
band (270 nm), which has undergone a small red shift (5 nm) and the absorption band
arising from the benzene groups of the frameworks (264 nm), as it was also observed
in case of PSQ nanoparticles. The band centred at 333 nm was assigned to the broad
band of CPX in solid-state centred at 325 nm. Observed bathochromic shift in both
absorption bands was associated with potential =—r interactions between the antibiotic
and the benzene groups of the framework. In fact, same bathochromic shift was
observed previously in case of CPC-CPX micelles, were n—n interactions were
confirmed by NMR studies (Figure 5.10) and previously described in the literature.®
Moreover, solid-state emission of PSQ>CPX (Figure 5.24B) upon excitation at 340
nm, showed a emission profile with Amax = 440 nm, which is 7 nm red shifted compared
with CPX’s emission (Aem = 340 nm, Amax = 433 nm), which also confirmed CPX
successful encapsulation in the PSQ framework (Figure 5.24B). Fluorescence lifetime
measurement of CPX in PSQ2OCPX (kexc = 372 nm, Aem = 440 nm) (Figure 5.24C,
Table 5.3) showed no significance difference respect to CPX. Usually, when
fluorescence molecules are included in SiO2 frameworks, their lifetimes are
lengthened as they are protected from oxygen quenching.®* The absence of change

in this case was associated to a quenching, also due to the n—=n interactions with the
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framework. These consequences resemble to the lifetime shortening of CPX upon
CPC micelle entrapment (Figure 5.15). The emission quenching due to interactions
with the framework was also confirmed after measuring CPX lifetime in SiO2>CPX
(Figure 5.24C). In this case, a lifetime lengthening was observed (Table 5.3) alongside
a blue shift in CPX’s emission (Amax = 426 nm, Figure 5.24B). Finally, FT-IR analysis
(Figure 5.518) of nanoparticles confirmed the presence benzene groups in the
nanoparticle framework as C-Ha vibrations were observed at 3050 cm™" and 2990 cm-
1, along with Si-C vibrations at 730 cm™. IR vibrations associated with CPX were also

observed at 1710 cm™ (C=0 carbonyl) and at 1620 cm™' (N-H bending).
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Figure 5.24. Spectroscopic analysis of powder PSQ>CPX, SiO2oCPX and CPX.
Solid-state (A) UV/Vis, (B) fluorescence emission (Aexc = 340 nm) and (C) lifetime
decay (rexc = 372 nm, Aem = 440 nm) of PSQ>CPX.

Table 5.3. Exponential decay fitting of solid-state CPX in PSQ>CPX and SiO2.o>CPX
solid state fluorescence (Aexc = 372 nm, Aem = 440 nm)

t1/ns (%) t1/ns (%) 12
CPX 2.4 (59 %) 3.8 (41 %) 1.099
PSQSCPX 0.9 (30 %) 3.6 (41 %) 1.093
SiOoCPX 1.1(32%) 4.5(68 %) 1.105

5.2.6.2. Quantification of PSQ>CPX loading
Quantification of included CPX within PSQ>CPX was estimated, as previously

described, by UV/Vis spectroscopic estimation of remaining CPX in the synthesis
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solution and washings, and by TGA (Figure 5.S23). UV/Vis analysis of synthesis
supernatant and washings lead to an estimated loading of 14 pgcex/mgnes, With a
loading efficiency of 65 %. The thermal degradation curve of PSQ>CPX (Figure
5.523B) showed initial weigh loss step between 30 °C and 120 °C that was associated
with the loss of absorbed water molecules. The later degradation step from 200 °C to
775 °C was dominated by the thermal degradation of the framework, being CPX’s
degradation pattern not very visible. Nevertheless, in case of PSQ>CPX a small
degradation step between 250 °C and 400 °C which was also presentin CPX’s thermal
degradation, confirming its presence. Upon direct comparison with unloaded silica
nanoparticles, PSQ, a total antibiotic content of 16 pugcex/mgnes wWas estimated for
PSQ>CPX, which is in good agreement with the calculated loading by UV/Vis

spectroscopy.

5.2.6.3. Porous structure of PSQ and PSQ>CPX
Finally, the porous structure of resulted PSQ nanoparticles was explored by nitrogen
porosimetry. Initially, the N2 isotherm of unloaded PSQ was investigated (Figure
5.25A). Recorded isotherm displayed an estimated BET surface area of 332 + 2 m?g
" with a type 3 hysteresis associated with the presence of groove pores according to
the IUPAC guidelines.?> Observed porous structure was already described by K.
Okamoato et al.*® A estimated pore size of 5.6 nm and 8.8 nm was calculated from
the isotherm. Pore with above 10 nm was associated with interparticle gaps. The
observed porous structure, in fact, would ease the diffusion of molecules through the
framework. Furthermore, absorption-desorption isotherm of loaded PSQ, PSQ>CPX
(Figure 5.25B), did, however, result in a decrease of BET surface area to 26.1 + 0.2

m?/g, which was associated with the presence of the antibiotic within the framework.
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Similarly, a decrease in all pore size was observed, associated with the presence of

CPX.

In order to further confirm if the reduction in BET surface area of PSQ>CPX was due

to the presence of CPX; PSQ>CPX nanoparticles were stirred in water for 48 h, in

order to achieve maximum antibiotic release. Then, particles were isolated, washed

and dried. Porosimetry investigation of particles after release (Figure 5.25B) showed

an increase in BET surface area, from 21.6 + 0.2 m?/g to 38.9 + 0.3 m?/g, with no

significant alteration in isotherm shape or hysteresis.
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Figure 5.25. N2 adsorption-desorption isotherms at 77 K and calculated pore size
distribution of (A) PSQ, (B) PSQ>CPX before and after 48 h of stirring release.
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5.2.7. Release studies of PSQ>CPX
The ability of developed PSQ>CPX to release included antibiotic was studied. For it,
as with previous nanoparticles, PSQ>CPX suspension of 2 mg/mL were stirred in
water at 25 °C, and released CPX was quantified by UV/Vis spectroscopy at different
time points (Figure 5.26). Release profile of CPX shows a cumulative release up to
120 min, where it seemed the maximum release of the antibiotic was not reached yet.
At 120 min a cumulative release of 1.4 £ 0.1 pgcex/mgnps Was estimated, which was
estimated to be 14.1 + 1.1 % of included CPX. Furthermore, CPX release from
PSQ>CPX under static conditions after 120 min was also analysed, resulting in a

release of 0.70 + 0.04 pgcex/mgnps (6.7 £ 0.4 %).
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Figure 5.26. Release studies of PSQ>CPX. (A) representative UV/Vis spectra of
released antibiotic in water and (B) cumulative release of CPX over 120 min under
stirring at 25 °C. (C) Comparative release of CPX from PSQ>CPX under static and
stirring conditions at 25 °C after 120 min. Statistical significance calculated by t-test,
ns = not significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, n = 3 for all studies.

5.2.8. Comparative study of CPX release from novel nanoparticles
As the main objective of these studies is to explore the design of novel nanoparticles
for more efficient CPX release, a comparative release study between nanoparticles
containing CPX was performed. For it, silica nanoparticles with included CPX

(Si02oCPX), novel silica nanoparticles with included CPX via CPC micelle entrapment
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(Si02oCPC-CPX) and PSQ nanoparticles with included CPX (PSQ>CPX) were
compared. Moreover, as the most explored silica-base drug delivery system are MCM-
41 MSN nanoparticles, MSN nanoparticles with adsorbed CPX (MSN@CPX,
estimated loading of 115 ugcex/mgnes) were also included in these studies (Full
characterization in Figure 5.519). MSN@CPX were synthetized and characterized by

Grace Ball, and kindly given for these studies.

For comparison purposes, cumulative release studies over 120 min under stirring at
25 °C were analysed (Figure 5.27A). Release profile of MSN@CPX showed a burst
initial released before reaching the plateau within the first 30 min with a cumulative
maximum release of 73.4 + 5.3 % after 120 min. MSN@CPX, was, in fact, the
nanoparticles design with the higher CPX cumulative release after 120 min of stirring.
After it, PSQ>CPX showed the highest cumulative release. Nevertheless, PSQ>CPX
showed a cumulative CPX release, and, after 120 min, the plateau was not reached.
Both, Si022CPX and SiO2.o>CPC-CPX showed lower cumulative CPX release of 2.4
+0.2 % and 1.4 £ 0.3 %, respectively. However, SiO2o5CPC-CPX did show cumulative
release over time, while SiO22CPX resulted in a fast-initial release with no cumulative

release after it.

The release behaviour of MSN@CPX can be explain based on the nanoparticle’s
structure. CPX is adsorbed within the pores of the MSN, open to the outside. This
architecture leads to fast and uncontrollable release of cargo within the pores, as
previously described.? SiO.>CPX, in the contrary, presents a non-porous structure
where the diffusion of included CPX is hindered by the lack of porosity. Observed burst
initial release was associated with CPX molecules in or close to the surface, while

those CPX molecules further into the nanoparticle core could not be released. The
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inclusion of CPX via entrapment of CPC micelles, as previously shown, lead to a
nanoparticle architecture with higher porosity, which would facilitate CPX diffusion,
and hence, achieving a more prolonged antibiotic release for SiO2>CPC-CPX.
Nevertheless, formed porosity is not interconnected, also hindering the release of
those antibiotic molecules further into the nanoparticle core. This would explain that
CPX release from SiO2>CPC-CPX reached its plateau within 60 min. Finally,
PSQ>CPX nanoparticles present a higher intrinsic porous structure, and surface area,

through which CPX’s diffusion could took take place, leading to cumulative release

over time.
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Figure 5.27. Comparative release studied among selected CPX-loaded nanoparticles.
(A) Time dependant release of CPX from nanoparticles in water upon stirring at 25 °C
and (B) Comparative release of CPX from nanoparticles under static and stirring
conditions at 25 °C after 120 min. Statistical significance calculated by t-test, ns = not
significant, * p < 0.05, ** p < 0.01 and *** p < 0.001, n = 3 for all studies.

In addition, comparative release studies of developed nanoparticle library under static
and stirring for 120 min (Figure 5.27B) revealed that only developed SiO.>CPC-CPX
and PSQ>CPX nanoparticles have a trigger dependant release, with low CPX leakage
under static conditions. SiO2>CPX and MSN@CPX did not show any difference

between both conditions. The presence of unidimensional open pores in case of
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MSN@CPX and the release of only CPX molecules in or close to the surface of

SiO0,oCPX were the reasons associated with observed results.

Lastly, experimental release profiles were fitted according to two different release
kinetic models for quantitatively study (Equations 1 and 2, Table 5.4 and Figure
5.520). The Higuchi and Korsmeyer-Peppas model (Eqg. 4.1) were chosen as they
represent the most employed kinetic-release models in the literature. The Higuchi
model (Eq, 4.2), developed in 1963, represents the first mathematical drug release
model and its main assumption is that the drug is released from a flat surface (ointment
bases).® Its application for drug release modelling from nanoparticles is supported by
the fact that at microscopic level, the nanoparticle surface can be considered a flat
surface. The Korsmeyer-Peppas model, firstly proposed in 1983 for polymeric

matrixes, does not assume the geometry of the drug delivery system.8’

Korsmeyer-Peppas equation:

M;
M_oo = Kkptn Eq 4.1

Higuchi equation:

M 1
M—; = Kyt /2 Eq. 4.2

From both fitting a constant related with the antibiotic release rate (Kn for Higuchi
model and Kk, for Korsmeyer-Peppas model). In both cases, the same tendency is
observed. MSN@CPX is the nanoparticle design that displayed the faster release rate,
followed by SiO22CPX. SiO2>CPC-CPX leads to a release rate 3 to 5 time slower

than SiO2o5CPX, as it could be expected based on the experimental drug release
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profile. Finally, PSQ>CPX had the slower release rate, which was estimated to be

between 2 and 3 times slowed than SiO2o>CPC-CPX.

Table 5.4. Kinetic parameter of CPX release from studies nanoparticles by Higuchi
and Korsmeyer-Pepas models. (M/M- = relative CPX release respect to the total
loading).

Higuchi model Krosmeyer-Peppas model
M¢/M.. = Knt"/2 Mt{/M. = Kgpt"
Kh/ min-/2 R? Kkp / min-! n R?
Si02oCPX 0.0154 £ 0.0016  0.988 0.0153 £0.0021 0.56 £ 0.05 0.993
SiO2oCPC-CPX  0.0035+0.0003 0.983 0.0063 £ 0.0012 0.46+0.03 0.964
PSQ>CPX 0.0012 £ 0.0001  0.995 0.0028 £ 0.0004 0.50+0.02 0.993
MSN@CPX 0.4335+£0.0550 0.978 0.0974 £ 0.0037 1.17 £0.03 0.998

5.2.9. Biocompatibility of novel CPX delivery nanoparticles
To conclude, biocompatibility of developed novel CPX delivery systems was assessed
by MTT experiments using A549 lung cancer cell line as reference cell line. Obtained
results for SiO2>CPC-CPX showed no significance cytotoxicity up to 5.00 mg/mL,
similar to SiO225CPC (Figure 5.28). In fact, it is well-known the cytotoxicity of CPC in

concentrations above 8 ug/mL (Figure 5.522), as previously reported.8
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Figure 5280. MTT cell viability assays of A549 cell line incubated with SiO2>CPC-
CPX nanoparticles for 18 h. Significance was calculated based on 1-way ANOVA
followed by Dunnett’s t-test corrected for multiple comparisons, ns = no significance *
= p<0.05, ** p<0.01 and *** p <0.001, n = 3.

In case of PSQ nanoparticles (Figure 5.29), the biocompatibility of unloaded particles
was firstly assessed as it has never been explored in the literature before. MTT assays
of PSQ nanoparticles showed no cytotoxicity of nanoparticle up to 5 mg/mL. The
increased toxicity with respect to SiO2 nanoparticles was associated with the benzene
groups o the framework, which has been known to increase the toxicity of
nanoparticles if they are present in their surface.®® Moreover, nanoparticle shape has
been also reported as a factor that influence their biocompatibility, being elongated
shaped nanoparticles more toxic.*® Loaded PSQ>CPX nanoparticles, similarly, only
showed significance toxicity in concentrations over 5 mg/mL. Regarding the MIC of
CPX for non-resistant Gram-negative bacterial species (0.25 — 1 ug/mL)”® a
PSQ>CPX concentration between 0.17 and 0.7 mg/mL would be required, which lays

below cytotoxic concentrations.
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Figure 5.29. MTT cell viability assays of A549 cell line incubated with PSQ and
PSQ>CPX nanoparticles for 18 h. Significance was calculated based on 1-way
ANOVA followed by Dunnett’s t-test corrected for multiple comparisons, ns = no
significance * = p<0.05, ** p<0.01 and *** p <0.001, n = 3.

5.3.Conclusion
We developed a new encapsulation method for hydrophobic antibiotics in silica
nanoparticles by entrapment of these in antiseptic micelles, leading to high loaded
dual antibiotic containing silica nanoparticles. The interactions of model hydrophobic
antibiotic CPX with CPC micelles were explored by DLS, NMR and optical
spectroscopy elucidating the interactions and placement of CPX antibiotic within the
CPC micelles, locating it in the palisade region of the micelles. Inclusion of CPX via
pre-entrapment in CPC micelles resulted in a higher loading efficiency of CPX
comparing with the encapsulation of CPX on its own. These results support the
efficiency of the entreaty for the encapsulation oh hydrophobic antibiotics.
Furthermore, resulting nanoparticles, SiO2>CPC-CPX, displayed a porous structure
as result of the incorporation of the micelles within the siliceous framework and they
were able to release both antibiotics simultaneously. Finally, same study conducted

with RIF further validated the versatility of developed encapsulation approach.
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Antibacterial activity study of designed dual-loaded antibiotic nanoparticles, alongside
checkboard assay to explore the synergistic activity of antibiotics, would finalise the
study of these nanoparticles and stablish them as a potential antibiotic delivery

system.
5.4. Experimental section

5.4.1. Synthesis procedures
Si0225CPC The Stdber method with modifications was used to synthesise the non-
porous silica nanoparticles.> First a solution containing EtOH (25 mL), NH4OH (1.9
mL, 0.93 M), H2O (1.6 mL, 2.9 M) and TEOS (2.4 mL, 12.4 mmol, 1 equiv, 0.41 M)
were added together. The reaction was left to stir (750 rpm) for 3 h at rt. After 3 h a
solution of CPC (0.465 g, 1.36 mmol, 0.1 equiv) in H2O (3 mL) was added and stirred
at RT for 6 h. The silica nanoparticles were isolated by centrifugation (15 min, 7830
rom) and washed with H2O (3 x 20 mL). After three cycles of the centrifugation-
washing procedures, the silica nanoparticles were dried in-vacuo to yield a white solid

(0.54 g).

SiO2.oCPC. The Stober method with modifications was used to synthesise the non-
porous silica nanoparticles. °* First a solution containing EtOH (25 mL), NHsOH (1.9
mL, 0.93 M), H2O (1.6 mL, 2.9 M) and TEOS (2.4 mL, 12.4 mmol, 1 equiv, 0.41 M)
were added together. The reaction was left to stir (750 rpm) for 3 h at rt. After 3 h a
solution of CPX (0.016 g, 0.048 mmol, 0.004 equiv) in H2O (3 mL) was added and
stirred at RT for 6 h. After three cycles of the centrifugation-washing procedures, the

silica nanoparticles were dried in-vacuo to yield a white solid (0.32 g).

SiO2.oCPC-CPX. The Stober method with modifications was used to synthesise the

non-porous silica nanoparticles.>* First a solution containing EtOH (25 mL), NH4OH

368
Asier Rodriguez Muguruza — December 2023



(1.9 mL, 0.93 M), H2O (1.6 mL, 2.9 M) and TEOS (2.4 mL, 12.4 mmol, 1 equiv, 0.41
M) were added together. The reaction was left to stir (750 rpm) for 3 h at rt. After 3 h
a premixed solution of CPX (0.016 g, 0.048 mmol, 0.004 equiv) and CPC (0.465 g,
1.36 mmol, 0.1 equiv) in H2O (3 mL) was added and stirred at RT for 6 h. After three
cycles of the centrifugation-washing procedures, the silica nanoparticles were dried

in-vacuo to yield a white solid (0.34 g).

PSQ. Previously reported methodology reported by K. Okamoto et al.*® was followed.
To an aqueous NaOH solution (0.5 N, 13.5 mL) BTEB (0.5 mL, 1.25 mmol) were
added. The formed biphasic mixture was sonicated at room temperature for 20 min
leading to a white emulsion. Then, the emulsion was stirred at room temperature for
24 h, followed by 72 h in reflux. After three cycles of the centrifugation-washing

procedures, the silica nanoparticles were dried in-vacuo to yield a white solid (0.25 g).

PSQ>CPX. Previously reported methodology reported by K. Okamoto et al.*® was
followed. To an aqueous NaOH solution (0.5 N, 13.5 mL) CPX (0.008 g, 0.024 mmol)
and BTEB (0.5 mL, 1.25 mmol) were added. The formed biphasic mixture was
sonicated at room temperature for 20 min leading to a white emulsion. Then, the
emulsion was stirred at room temperature for 24 h, followed by 72 h in reflux. After
three cycles of the centrifugation-washing procedures, the silica nanoparticles were

dried in-vacuo to yield a white solid (0.31 g).

5.4.2. Methodologies
Release studies. Release studies were performed using loaded nanoparticles

suspensions (2 mg/mL) in water or in methanol at 25 °C under stirring (750 rpm) or
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static conditions. Aliquots were then centrifuged (5 min at 14000 rpm) to remove

nanoparticles and released CPC and CPX using a Cary 60 UV/Vis spectrometer.

MTT assays. Cytotoxicity of studied in A549 cell line were performed following the

methodology described in Chapter 1 Section 2.4.2.
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5.5. Appendix
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Figure 5.81. Dynamic light scattering monitoring of the CPC micelle formation upon
increased CPC concentration in carbonate buffer (HCO3/CO3%, 0.1 M, pH 10.6). (n=5)

Table 5.S1. Hydrodynamic diameter and (-potential measurements of CPC micelles
(2 mM) before and after CPX addition (6 mM) in carbonate buffer (HCO3/COs%, 0.1
M, pH 10.6). (n = 5 for hydrodynamic diameter and n = 3 for {-potential)

Hydrodynamic diameter / nm

Intensity Volume Number PDI C-potential /
mV
CPC micelles 49 + 0.28 +23 4+ 2

56+14 42+0.8

1.2

CPC micelles+ 7.1+12 6.8 + 6509 0.25 +15 + 1
CPX 1.2
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Figure 5.52. '"H-NMR (500 MHz, HCO37/CO3?~ D20 buffer, 0.1 M pD 10.6) of CPC
(0.5 mM).

Table 5.52. "H-NMR (500 MHz, HCO3/CO3?~ D20 buffer, 0.1 M pD 10.6) chemical
shifts between CPC bellow (0.5 mM) and above (2 mM) the CMC.

Proton 1&5 3 284 8 7 9,21 1020 22
AS +0.031 +0.023 +0.031 +0.014 +0.03 -0.006 -0.026 —0.024
ppm
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Figure 5.83. COSY (500 MHz, HCO3/COs? D,O buffer, 0.1 M, pD 10.6) of CPC (2

mM) above the CMC.
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Figure 5.S4. "H-NMR (500 MHz, HCO3/CQO3? D20 buffer, 0.1 M pD 10.6) of CPX
(4 mM).

Table 5.83. "H-NMR (500 MHz, HCO3/CO3?~ D20 buffer, 0.1 M pD 10.6) chemical
shifts of (top) CPX (4 mM) and (bottom) CPC (43 mM) mixture respect CPX (4 mM)
and CPC (43 mM) on their own.

Proton 8 6 3 11 20&24 218&23 19 18
Ad

ppm -0.014 -0.183 -0.139 0 -0.033 -0.032 -0.331 -0.197
Proton 1&5 3 284 8 7 9,21 10-20 22
Ad

ppm -0.032 -0.060 -0.054 -0.055 -0.062 -0.062 -0.020 0
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Figure 5.S5. Isothermal Titration Calorimetry (ITC) profiles showing CPX interaction
with CPC micelles. CPX titration on CPC (2 mM) in carbonate buffer (HCO37/CQO3?",
0.1 M, pH 10.6). (A, B) Fitted ITC binding curve and (C) thermodynamic parameters

estimated from measured binding curve.

A) 6000 l—

5000 q

4000 -

cm’!

~_ 3000 |

/M

2000 [

1000 -

0
200

300 400 500 600 700 800

Alnm

B)

50000 -

40000 |
“E 30000 |
= 20000 |
w

10000

0 1
200 300

400 500 600 700 800

Alnm

Figure 5.S6. UV/Vis absorption spectrum of (A) CPC and (B) CPX.
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Table 5.8S4. Exponential fitting of time-resolved fluorescence studied of CPX (10 uM)
in absence and presence of CPC micelles (2 mM) in carbonate buffer. (Aexc = 375 nm,

Aem =425 nm)

[CPC]/ mM 1/ ns (%) 12/ ns (%) x
0 7.3(79) 0.8 (21) 1.052
2 3.3 (89) 0.7 (11) 1.147

B) 30

Counts

1 2 3 4 5 6

Diameter / nm

Figure 5.S7. Transmission electron microscopy (TEM) images of CPC micelles (43
mM) and normal size distribution of micelles (n = 50).
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Figure 5.88. Dynamic Light Scattering and C-potential distribution of (A) SiO2, (B)

Si0,5CPC-CPX, (C) Si02oCPC and (D) Si0,oCPX.
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Table 5.S5. Dynamic Light Scattering (n = 5) and -potential (n = 3) measurements of
Si02, SiO2oCPC and SiO.oCPC in water.

Hydrodynamic C-potential /
diameter / nm mV
Intensity Volume Number PDI
SiO: 350+88 405+105 375+90 0.27 -45+7
Si02oCPC 257 +37 263+47 253+45 0.03 +35%17
Si0.oCPX 195+28 18722 17514 0.31 -15+5
SiO2oCPC/CPX 250+50 237+42 215+30 0.33 +35+ 8
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Figure 5.89. Scanning and Transmission Electron Microscopy of (A and E)
SiO2o5CPC and (B and F) of SiO2o5CPX. Corresponding size distribution by SEM for

(C) Si0,5CPC and (D) Si02o>CPX.
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Figure 5.810. Solid-state UV/Vis spectra of (A) SiO2>CPC and (B) SiO2.o>CPX.
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Figure 5.811. UV/Vis calibration of CPX in (A) water and (B) EtOH/NH4OH. (n = 3)
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Figure 5.812. UV/Vis calibration of CPC in (A) water and (B) EtOH/NH4OH. (n = 3)
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Figure 5.S13. Thermogravimetric analysis (TGA) of (A) SiO2o>CPC and (B)
SiO2oCPX. Samples were dried at 120 °C for 2 h prior the analysis. Then samples
were heated from 30 °C to 1000 °C at 2 °C min-! under air flow.
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Figure 5.S14. N> absorption-desorption isotherms at 77 K and DFT pore distribution

of Si02oCPX before and after calcination at 600 °C for 18 h.
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Figure 5.815. (A, C) Representative absorption spectra of release studies of (A) CPC
from Si022CPC and (C) CPX from SiO22CPX in H20 at 25 °C. (B, D) Cumulative
release of (B) CPC from SiO22CPC and (D) CPX from SiO2o>CPX in H20 at 25 °C.
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Figure 5.516. Dynamic Light Scattering and {-potential distribution of (A) PSQand (B)
PSQ>CPX.

Table 5.6. DLS (n = 5) and ¢-potential (n = 3) measurements of PSQ and PSQ>CPX
particles in PBS buffer (0.1 M, pH 7.4).

Hydrodynamic diameter (Dn) / nm C-potential
Intensity Volume Number PDI | mV
PSQ>CPX 119 + 46 94 + 44 66 + 22 0.14 48+ 9
PSQ 150 £ 89 66 + 39 59 + 18 0.24 -50 £ 10
383
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Figure 5.8S17. Morphological study of PSQ. (A) SEM and (C) TEM images of PSQ
and (B,D) nanoparticle size distribution based on TEM images (n = 50).
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Figure 5.819. Characterization of MSN@CPX. Solid-state (A)

UVNis, (B)

fluorescence emission (Aexc = 350 nm) and (C) emission lifetime decays with fitted
parameters. (D) FT-IR spectroscopy of CPX, MSNs and MSN@CPX nanoparticles
confirming CPX inclusion . (E) Transmission Electron Microscopy (TEM) image of
nanoparticles and calculated average particle size based on 50 individual particles.
(F) N2 adsorption-desorption isotherm at 77 K displaying the characteristic Type IV
isotherm of MSNs and estimate pore size distribution based on DFT calculations. (G)
Quantification of adsorbed CPX in MSN@CPX by thermogravimetric Analysis (TGA).
Samples were dried at 120 °C for 2 h prior the analysis. Then samples were heated
from 30 °C to 1000 °C at 2 °C min' under air flow. Included CPX was estimated by
direct comparison between unloaded and loaded particles.
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Figure 5.820. Fitting of CPX release data from nanoparticle library. (A) Higuchi and
(B) Krosmeyer-Peppas moles were employed for fitting.
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Figure 5.21. MTT cell viability assays of A549 cell line incubated with CPX and CPC
nanoparticles for 18 h. Significance was calculated based on 1-way ANOVA followed

by Dunnett’s t-test corrected for multiple comparisons, ns = no significance * = p<0.05,
** p<0.01 and *** p <0.001, n = 3.
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Figure 5.22. MTT cell viability assays of A549 cell line incubated with (A) SiO22>CPX
and (B) SiO2oCPX nanoparticles for 18 h. Significance was calculated based on 1-
way ANOVA followed by Dunnett’s t-test corrected for multiple comparisons, ns = no
significance * = p<0.05, ** p<0.01 and *** p <0.001, n = 3.
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Figure 5.S23. Thermogravimetric Analysis of PSQ>CPX. Nanoparticles were dried at
120 °C for 1 h prior the measurements. Thermal degradation curve of unloaded
nanoparticles (PSQ) and antibiotics in added as reference. TGA profile was recorded
in a 5 °C min' heating ramp from 30 to 800 °C under air flow.
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B - medium. Blocking the pares of the particle with chemical functionali- $i0z O CPC. Following general procedure 1, after 3 h a solution of
Comtents lists available at Sciencelirect sation has been introduced to control of the drug release which requires  CPC (0,465 g, 1.36 mmol, 0.1 equiv) in H;0 (3 mL) was added. Nano-
additional synthesis steps and a reactive stimulus to enable full coatrol particles were isolated as a white powder (0.54 g).
3 850 ,ﬂﬁ E.D._m over release. [10,11]. $i0z 5 CPX. Following general procedure 1, after 3 h a solution of
gﬂhcgaﬂm and M porons tel ;lsgi gvﬂ%«?&-ﬂgnﬂ CPX (0.016 g, 0.048 mmal, 0.004 equiv) in HzO (3 ml) was added.
uses dihydrochloride, [12] were isolated as a white powder (0.17 g).
F _I— VIER journal www.elsevier. cetylpyridinium chloride (CPC), [13,14] and benzalkonium chloride $i02 O RIF. Following general procedure 1, after 3 ha solution of RIP
[15] which all adopted MCM41 topology. We have been inferested in  (0.040 g, 0.048 mmol, 0.004 equiv) in EtOH (3 mL) was added. Nano-
alternative methods for inclusion of agents of interest within the slica particles were isolated as a white powder (0.28 g).
ied by surface modil for imaging [16-18] $i0z2 > ggﬁggg after 3 h a pre-
. i . . . and drug delivery. [19]. mixed salution of CPX (0016 g, 0.048 mmol, 0.004 equiv) and CPC
Antibiotic entrapment in antibacterial micelles as a novel strategy for the In this work, we introduce a strategy to deliver challenging antibi-  (0.465g, 1.36 mmol, 0.1 equiv :.. 1,0 (3 L) was added. Nanoparticles
T otics from silica nanoparticles through entrapping into micelles. We isolated white powder (0. ).
delivery of challenging antibiotics from silica nanoparticles oyed CPC. o moibecterial Wil 5 postively charged | $1045 CPC.RIF. Foll e dize 1, ater 31
dgroup and a hexadecyl aliphatic tail, widely lgizaa?orogaroogzau!._qz 4658,
>n-nnmr_s=m—=.=§ , Maria L. Odyniec ™', Menicha Manhota “", Zaina Habib*, rb»?:ﬂnr ER_B._B[ du h 20] which i 1.36 mmol, 0. !l.&!m.o:\:uon\usstl added. Nanoparticles
Blai m I I U 1 pil We have examined the inclusion of ri rifampicin (RIF) and ciprofloxacin were isolated as an orange powder (0.41 g).
J M.A. A-Ku SA ien 5 ZoeP (CPX), as examples of poorly water-soluble antibiotics. RIF has previ-
u&lliz‘liliigiifi 15 277, United Kingdom ously been shown to caly be included in mesoporous slica by its
* Dectoral Training Conre in iiriiiifi 15 21T, Unisel Kigpdom adsoeption in the pores, [21] but direct indusion within silica frame- 2.3. Quantification of antibiotics loaded by UV/Vis
Chasicel and Opeicel 3 . Dl Frifing (BAM), Richard ‘D.._..us;eil_ work remains a due to its icity. Similarly, CP:
Schoal v un._..l[ vy - Y 4 w— v e 1S " lnading in silica particles is limited to those mesoporous particles with UV/Vis . were carried out t ine the
o Douttary, Culoge of Moo and Dl Scmces, Uty of Rcmbnghams, Rlcsbghans, 13 700, Tishal Kiplom snface functionalisation to assist fom. [22,27] Herein we study  amount of antibiotics loaded into the materials using the lowest-energy
the entrapment of the antibiotic in micelles and growth of slica nano- _!aci.ESk!.v:l concentration of each antibiotic in
particles in a one-pot approach in order to Jotic within before adding to synthesis mixture.
>>>>>>>>>>>>>>>>>>> ?aﬁgléggam.; ._...H-?ua.._avl all supernatants and washings were collected to
measure the remaining antibiotic in solution by absorption and analysis
Keywords: Silica materials are popular in E%IEE!?&EE?SE
Catylpyridiciam doride low taxieity and are attractive drug delivery systems based on 2. Materials and methods via the Beer-Lambert law. . "
Soedles their porous .F.-w..ﬁ..i_.t_oz%!:ﬁ!pr of silica most (EEin as the
Hﬂ.‘ki commoaly, MCM-41, the efficient remaval of the template respoasible for Introducing porous networks, cetyl- 2.1. Materials drug that is into the eq(lx
Bossns A anepuiiios trimethyl ammonhum beomide (CTAB), is a eritical step due to the templae’s high taxicity in the environment total drug added ~ free mon ertrapped drug\
Deng ddiosey and human health. In this work, we present a new one-pot approach of introducing challenging antibiotics within ?Eiﬂ_g%s chlocide (CPC) and tetraethox- EE A vl Gag ) 100 e (1)
a silica framework without the need of toxic tesaplates, but instead using micelle formation by an astibacterial wn_lunaom. d (CPX) was
sgent. We demonsrce thet i _Eigkiﬂﬁil!sgpga imown antibacterial agent, =ﬂ.ﬁ. and shund The ciency is dinto weight percent (w19%6)
such as rifa Extensive NMR stadies ducidate the precise localisation 2
of the anribiotic g.vnnnna_&-noc.&e_& is placed between the outer and palisade region while iqgaﬂiﬂﬂl&:ﬂak.r;afli-_&!;rvr ea (2
rifampicin & located further into the hydrophobie CPC micelle core. In both cases, the formation of the silica (EE) x total drug added @
framewark can be bullt around the CPCantibiotic loaded micelles. The resulting silica nanoparticles show 2. Synthesis of S0z M7 ats of manoparticlet yetherized “
loading of both CPC and antibiotic agents, porosity and dual antibacterial release upoe disnuption of the micelle
within the silica framework. The design not only provides a strategy of a therapeutic design to foms porous of $i0z - general 1. The Stober method with
frameworks but also highlights the potential of precise aztibiotic dose and release L pan cparticle systems. modifications was used to synthesise the non-porous silica nano- 2.4, Release studies
partides. [24] First a solution containing EtOH (25 mL), NHOH (1.9
ml, 0.93 M), Hz0 (1.6 ml, 2.9 M) and TEOS (2.4 ml, 12.4 mmol, 1 ?lﬁﬂiﬂnvﬂ*ﬂigfnm& S$iO; suspensions (2
equiv, 0.41 M) were added together. The reaction was left to stir (750 mg/mL) in water or in methanol at 25 °C under stirring (750 rpm) for up
1. Introduction high surface arca for drug loading. [1,4] MCM-41 and SBA-15 are smong rpm) for 3 h at rt. After 3 h, a solution of antimicrobials was added and  to 48 h. Aliquots (0.5 mL) were taken at set time points, then centrifuged
the most popular mesop silica which are stirred at RT for 6 h. The silica nanoparticles were isolated by centri- (5 min at _SSiuo.a._uzi..aianala released CPC, CPX
gg&mnmlgjgmﬂ!!g a key step in asﬂggigﬂggg—_g fugation (15 min, 7830 rpm) and washed with H:0 (3 x 20 mL). After and RIF d by using &
plays a role in is based on _..la.nri_& - which lead to three cycles of the centrifugation-washing procedures, the silica nano- Cary 60 UV/Vis gﬂukﬂ.sgg%ﬁnﬂb&
Silica (S§0;) are popular drug de- ggggﬂ.ﬁg—;ddﬁ%ﬂ particles were dried in-vacuo to yield a powder. Lambert law. The release experiments were repeated three times.
livery systems due to their biocompatibility, facile synthesis and tune- used for porosity formation in MCM<41l and SBA-15 are cetyl

able size, from nanometre to micrometres, shape and surface chemistry trimethylammonium bromide (CTAB) and Pluronic P123, respectively.
for functionalisation. [1] Entrapment of drugs in the silica framewock is However, CTAB and Pluroaic P123 are highly toxic to aquatic life and
limited by the drugs’ solubility and compatibility with the polarity of the potential carcinogens (ICso — 30 pM for CTAB and 12-30 pM for P123)

80, core
CPC rboote. - .
silica network. [2,7] This property is particularly pertinent for hydro-  [9,9] and complete removal can be challenging. Additionally, the drug * o
gﬁgﬂéigﬂlgﬂ}nﬂg? uptake of the mesoporous particles relies on the adsorption of the drug 4 Ay .
of th within the pores of the particle which results in uncontrolled dose y

gggigﬁmgsgﬂﬂmﬂsg loading and “burst” release upon dispersion of the particles in a liquid
.#// ‘

Qn..s'

gvoenlathve«
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Fig. 1. Scheme of the antidiotic entrapaent in CPC micelles and their inclusion in SIO; nanoparticles.
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3. Results and discussion
3.1. Characterisation of CPC micelle-antibiotic interactions

CPC micelle i
critical micelle gngagri&n@iivn— _ol !F
pH neutral aquecus systems at 25 °C. [25-27] In addition, computa-
tional DFT simulations have been able to elucidate the most energeti-
cally favourable conformation in different solvents, showing that the
aliphatic chains are non-linear. [27] In this study, we first investigated
the CPC micelles by Dynamic Light Scattering (DLS). We used a CPC
concentration of 2 mM which is above the CMC and carbomate bufer
(0.1 M, pH 10.6) as dispersing medium to mimic the Si0z nanoparticles
synthesis conditions (pH 10.5). [28] Under these conditions, CPC mi-
celles are formed with a hydrodynamic diameter of 49 = 1.2 om
(Fig. S1, Table S1).

Titrations of antibiotics, CPX or RIF, into a solution of CPC micelles
(2 mM) shows an increase in hydrodynamic diameter with increase in
antibiotic concentration up to 6 mM (Fig. 2): from 4.9+ 1.2nmto 6.8+
1.2 nm for addition of CPX and 7.5 + 1.2 nm for addition of RIF. An
increase in micelle size is previously reported, for other dngs incarpo-

Micrporons aval Meoporons Moterials 363 (2024) 112541

péperazine group, respectively. [38] At pD 10.6, it is likely that the
g?ii%?%«n{%ﬂug
In the presence of CPX, the 'H NMR spectra of CPC micelles show small
i&&?giﬁnﬁﬂzgg? = 0.77 ppm)
which show no shifts (Fig. S5, T §3). This phenomenon indicates
niﬁnﬂﬂnﬂﬂemgxgﬁn%nﬂgig
guﬂn%iﬁ- proton resonance shifts has been re-
ported as evidence between cationic micelles and aromatic molecules.
[35,39] As the terminal methyl groups in CPC micelles were not affected
by CPX, this suggests the location of CPX is at the micelle-water inter-
face, as for polar on addition to both
anionic and cationic surfactant micelles. [35,39,40] Additionally, there
are changes in the "H NMR resonances of CPX in the presence of CPC
micelles. Similar to CPC micelles the CPX proton resonances show up-
field shifts except for the cyclopropane proton Hf;. However, the fine
structures of the splitting patterns change with those of the piperazine
protons H, 2y and cycdopropane protoas H, and Hig,, appear broad-
ened and the aromatic protons Hi, H, H appear with two sets of res-
onances. These patterns may indicate the molecules are in different

environments affected either by the viscosity of solution, [39] local
environments [4 Hingl%i_!@— 42] The signifi-

3 ﬂinrlﬁﬂa!umr. H NMR spectra of CPX in the aromatic region

may be to ians of the negatively charged x system of
Qx!wrinignv!ixgg f CPC through

positively charged pyridinium heads on micelle-water interface. [27]
The {-potential decreases to —w —B<l& 19 —B<Sxil_& ..!kl x interactions. [43-45].
ni:hs.hs

ons between CPC micelles and CPX are further inves-

electron density at ?%ﬁE&EIE_OPH _
!ﬂnﬂsg%n—!ggsgﬂ
and we used Nudear (NMR)
glﬂﬂngréq H NMR. As the concentration of
CPC increases from 0.5 mM (< g:anu.ga gnﬁ!ﬂ cteristic
shifts in proton resonances are observed (Fig. Table u.—.vna-.
idinium protons Hys (5 — Pha_ﬂﬂu-.&&ﬂ!ﬂ::qa
ppm) and Hg (5 ~ 4.63 ppm) show upfield shifts (A8 Oo—noa
ir%ggggﬂlﬁng tail Hg 5y
(5 = 1.08-1.26 ppm) show downfield shifts. These data indicate a
g?%&wgggﬂiégsl sup-
ported by previous studies undertaken in D,O. [34,35] Above the CMC
s ggéggganﬁg
E-ﬂ:ﬂg!iﬁaq §3). The CPC micelles show
between ‘s:uia - 8.08 ppm)
5 (5 — 8.89 ppm) with aliphatic peotons Ho 2 (5 — _SLB
uinvﬂﬁnﬂl!!ﬁ!lanlgg—rﬁ
ppm) with Hooy (5 ~ -s—gﬂl!ui:-n B—*I-wl.n-
ﬂ.n.&nr!.g 5 (6~ 8.89 ppm), supporting close proximity of
CPC malecules.
iw.ii&ﬁgt?gggagxa
NMR before addition, Fig. 54) to CPC micelles (1:12). CPX is a poorly
water-soluble malecule. [36,37] The pKa values for CPX are 5.90 and
8.89 and are associated to the carboxylic acid group and the amine in the

A) B)

gszgﬂﬂi?lﬂsaﬂlzglui&g
CPC and CPX (Fig. 7). One NOE corresponds to Enlilur!giﬂg
nﬂgli%g;*ﬂu - 0.85 ppm of CPX
Envnﬁq_»—-uanlr.g&g?ubl = 1.30 ppm. The
other NOE corresponds to the Hi; protoa on the cyclopropane ring at §
~ 3.5 ppm and the aliphatic chain protons of CPC (Hg ) at § ~ 1.30
ppm. The NOEs for CPC micelle interactions do not change in the
peesence of CPX which indicates that the micelle has not broken apart,
this is also supported by DLS studies. For the CPC micelles a new NOE is
cbserved between CPC pyridinium protons Hys (5 ~ 8.
neighbouring CPC protans Hy (5 — 1.94 ppm), suggesting a closer
interaction of these protons within the CPC micelles through-space than
without CPX. The shifts in "H NMR spectra and presence of NOEs
indicate that the cydopropane ring of CPX is interacting with the
aliphatic tails of CPC micelles in the palisade layer of the micelle,

illustrate Engllnnin rmnﬂualﬁnﬂmﬂ:n.l-iil?ﬁ.l_i
the piperazine group (Hin.2¢ at 5 ~ 3.24-2.28 ppm) i
there is an absence of NOI group is able t

[
E ]
# 2 ol
W M ) 'R ﬂ
m .t
] 3 H
3 3 K]
3 3 2 F
&Y o
3 RIF
1 10 00 1 W 0 1 2 3 4 6 6
On ) nm [Antibiotic] / mM
Fig. 2. Dynamic light scattering for monitoe diametes of CPC micelles (2 M) upoa addition of antibiotics (A) CPX and (3)

RIF in carbonate buffer (HCO3 /004, 0.1 M, pH 10.6).

-------

Fig. 3. 500 MHz NOESY spertra of CPX and GPC (1:12) in carbonate buffer ((HOO3 /003", 0.1 M,
are labelled in yellow. CPC-CPX cross peaks are labelled as purple baxes.

as
5 10 05 00 ppm
PH 10.6). CPX croas peaks are labelled in green, CPC cross peaks
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We also studied the proton shifts to determine interactions between
RIF and CPC micelles. In the presence of RIF, the 'H NMR spectra of CPC
micelle show shifts in proton
small upfield shifts except for the terminal methyl protons of CPC, Haz
(G- g_gviggrﬂg OUA -35-5:;&9
show downfield shifts (Fig. S6, T.
further into the core iii?%%lgsrﬂ!

The interaction of the CPX and RIF with CPC micelles were further
nﬁ.—i&wv.rl.rn.!l Egggggsg.&

ill@uo 0.7 uM for CPX and 1.96 + osiisés
BEI:, vlﬂnﬂrﬂ_!l.

Enigig?lﬁsﬂigdﬁg
7.9, relating to the 4-hydroxy and 3
E.EEEEQ -
verted to RIF quinone. [46] The *H NMR spectrum of RIF in carbonate
Eﬂqgisﬁ.g%ig!&ai!
indicated by additional peaks in the spectra (Fig.
BEE %Egiﬂsgg o form

P of CPX and RIF were investigated in a CPC micellar medium
at —oP.—.—KSﬁmgﬂ.gg single absorption band
with maximum at 259 nm (c — 4190 M "em™ ") (Fig. 59). In carbonate
buffer CPX has two absorption bands at 270 nm (¢ — 39000 M~ cm™?)
and 325 nm (¢~ 17000 M~"cm™"). Due to the overlapping between the
higher energy absarption band of CPX with CPC, changes in this band
cannot be monitored. However, at 325 nm, H:rnisne\nvnm
mM, = CMC), there is a bathochromic shift to 334 nm (A% —
(Fig. gvmwu—_.!_v. EEZEBE-.B‘!?I—E
M-'cm™") and 479 om (c ~ 8000 M~*am™") corresponding to z—+x*
EE.FEE e of CPC (6 mM, >CMC), there is a bath-
ion bands of RIF to 339 nm (A% ~ + 5nm)

10.6), RIF is neutral and con-

Sn_l—ao:n.vn—lisnlﬂvn...rn z!unl_ni- a single set of RIF
resonances, the fine structure of the resonance peaks of RIF merge
together changing from sharp and narrow to smooth and wide in the
presence of CPC micelles. The protons of RIF show upfield shifts (A5 —
0.03-0.15 ppm) except for the resonance of Hi and HS; which have
small (A%< 0.05 ppm) downfield shifts.

+11 nm) witha EEERE?&
-EEVIEQ‘ 6B). These data indicate that in the presence of
in environment for the antibiotics,

There are a significant number of NOEs between RIF and CPC
(Fig. 4). In general, most of the NOEs are between the aliphatic chain of
CPC and RIF than with the pyridinium head of CPC. NOEs are observed
between RIF piperazine protons His <7 (5 — 3.05 ppm, 5 - 2.4
RIF piperazine N-methyl Hl (5 -
protoas Hy ¢ (5~ 8.14 ppm). The RIF methyl group HY, (5~ 0.
also shows a cross peak with proton Ha 4 (5 = P—&ivgga
additional cross peak between the pyridinium head of CPC and RIF is
observed between CPC H, o (5 ~ 8.93 ppm) and RIF O-methoxy protons
Hep (5 N&!avEEﬂinﬂﬁA 6.51 ppm), HE (5 - 6.29
ppen), HY (5 - 5.99 ppm), s (5~ 5.16 ppm), show
zoEE&Eiqi.wnR. aliphatic protons Hy; (5 — 0.82 ppe),
Ho 23 (5~ 1.27 ppm) and He (5 — 1.97 ppm). However, the RIF alkene
proton H:; (5 — 5.02 ppm) shows NOEs anly with CPC He 2 (5= 1.27

ppm) and Hy (5~ 1.97 ppe), which lustrates that alkene HE, (5 - 5.02
ppm) is oriented away from terminal CPC micelle protons Haz (5~ 0.82

n.nnsi.;!._n_.n_iE.EE was also investigated by steady-gate and time resolved fluarescence
spectroscopy (Fig. 6C and D). CPX displays a maximum emission
at 340 nm at pH 10.6. However,
after addition of CPC (2 mM), CPX emission suffers a significant
decrease in intensity of 93%. Accordingly, time-revolved fluorescence
studies showed a decrease in luminescence ggfluﬂw

nm, iem ~ 425 nm) upon CPC addition from 7.3 ns to 3.3 ns. The
gnlnoi c observations indicate that there is a change of the envi-
Eiaéguﬁ_ﬂniaiﬂu be

" .

other fluoroquinolines, [48, _E&S.E%E&E
iﬁéiﬂﬁ& or quenching from CPC as observed
3 for other anionic aromatic fluorescent dyes. [49].

The NOEs for CPC micelle interactions do not change in the presence
of RIF which indicates that the micelle has not broken apart and this is
also supported by DLS studies. Multiple additional NOEs are observed
for CPC micelles only. There is a new NOE interaction within the CPC
micelles between Hy (5 — 1.94 ppm) and pyridinium protons Hy s (5 —
889 ppm) as well as new CPC micelle NOEs of H, (5~ 1.94 ppm]
pyridinium protoas Hzs (5 — 8.08 ppm), aliphatic protons He.2y (5 —
1.08-1 3115.&5{&1!& Hz (5 ~ 0.68 ppm). In
addition, aliphatic proton Hy (5 ~ 4.63 ppm) has two additional NOEs
with pyridinium protoas Hz ¢ (5 — 8.08 ppm) and Hy (5 — 8.55 ppm). Hy
(5 — 8.55 ppm) has an extra interaction with alkyl protons He.zy (5~
1.08-1.26 ppm). Finally, terminal alkyl protons Hy, (5~ 0.68 ppm) have
?BEZOWSEE—.EE‘E—F\A ~ 8.08 ppm) and

32 %QE%G!EE:IENE

micelle incorporation to iguii%?q%lg_

antimicrobials. Briefly, a silica core is firstly formed for 3 h, then a so-

lution containing CPC micelles with or without antibiotic of choice is

E!Lu__.—ﬂﬂgral!nﬂ:ﬂ _.9. - §9). The size of micelles
(

nm. d.aqn:ux.\gn i vith

sizesof 3+ 2nm (n~50)and 7 + 2nm (n — Srtﬁfgsi
celles show a single population of 5 + 1 am (n — 50) (Fig. $15). The two
populations of CPC-CPX micelles in TEM can be E._!I-& B.ng
process before imaging.
éagsggiﬂﬁag
The average nanopartide sizes are 230 = 25 nm for $i0, > CPC-CPX
and 300 + 20 nm for $i0z > CPC-RIF (n ~ 50). Confirmation of the
presence of antibiotics was obtained by solid-state absorption spec-
troscopy (Fig. 7) of powders of the silica particles, $i0, > CPC-CPX and
$i0z > g!—ul—.—&.ggg us.ﬁ_!luuo!

igiaglzgggnﬂ
aliphatic chain of CPC micelles and RIF indicate the presence of RIF on
the inside of the CPC micelle within the hydrophobic core. Specifically,
the NOEs between CPC terminal alkyl protons (H,,) and rifampicin
peotons, 1Y, HE 1S MY, and 1. This is supported by an increased
number of NOEs for the CPC micdle itself, which indicates a new
%ﬁ&?ifﬂ?nﬁﬂt&—niﬁngis
NOEs between the piperazine protons Hs  at § —
2.49 ppen and piperazine N-methyl Hs at 5 N»wﬂﬂn;u_!._
pyridinium protons of CPC at H 4 (5 ~ 8.14 ppm) support ocientation of
piperazine group of RIF towards the pyridinium headgroup of CPC
micelles within the palisade layer. In addition, e single set of proton
resonances observed in "H NMR for RIF in the presence of CPC indicates
aﬁgggﬂgai%i{-;

10.7.2 w1% (72 pgerx/mgxw) of CPX Si0z O Q§i:..n._|&._..
the absence of CPC, the

?%ﬁSwo;ntvEg
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fluorescence decay (g, = 375 5, A, = 425 am) of & CPX solution (10 EM) before and after addition of CPC (2 mM) in earbonate butfer (HOO; /03, 0.

pH 10.6).

efficiency of 20%, comresponding to 2.5 wi% (25 pgs/mgsp) for RIF in
$i0z2 O CPC-RIF was determined, whereas no loading was achieved in
absence of CPC. Loading of CPC, however, is similar in all

of loading of drugs in silica nanopartides based on continuous moni-
taring of sample weight loss upon heating at a defined rate under a

calculated to be between 8% (125 pgore/mgyy) and 119% (195 pgore/
mgxy). Thermogravimetric analysis (TGA) is used for the determination

The amount of organic compasition (ug/mg)
was calculated from the TGA weight loss from 150 to 900 °C. TGA
analysis of CPC shows a single weight loss step at 180-250°C and 100%

AR

a@al
Al

200 nm

e —
. . ».

Fig.7. EEK&!E seelles and illea
.:oon\o& 10.6) to mimic conditions in synthesis. SEM images of (C) Si032CPC-CPX and (E) SI03oCPC-RIF Solid state absorption spectra of (D)
Eo.ugog.lsguun-@ra

gé%&mﬁig weight loss of 9.6% Eﬁmgg%ggﬁﬂ% .—(-K_Au
of CPC and ling to IUPAC of micropo-
§18§E In comparison the $i02>CPC-CPX and EB&EEE«E&%E?EB&
$i0,2CPC-RIF particles showed a loss of weight of 18.0% and 18.5%  bed gas at high P/P, is amociated with intraparticle spaces. After
weight loss to Si0,, to total oeganic calcination process, nanoparticles display a Type II isotherm charac-
content. These data are consistent with calculation of loading by UV/Vis tetistic of microporous material with wider pore size range from mi-
spectroscopy where total organic content is calculated as 15.2% and ﬂaﬂiﬂ?—gusiﬂigﬂinbiv?g&%
13.5% for $i020CPC-CPX and $i020CPC-RIF particles respectively.

IV isotherm and type H1 hysteresis loop suggests the absence of unidi-
Nitrogen adsorption-desorption isotherm studies at 77 K were mensional pores within nanoparticles.

glsggggﬂggﬂﬁ 8). Recorded isotherms, proves the ability of CPC to act as template

process in order to fully during the silica formation. Furthermore, &iévﬂn!

gu—u% E—&-FE&EE:EEE for $i0z 5 CPC was 2.5 nm, which is in good

BET surface area of 153 + 3 m?g” for $i0; > CPC. Similarly, analysisof  simulations [27] and proves the ability of the CPC micelles to form a

$i02 > CPC-CPX and Si0z O QO.E-BQEEE!- ithin the silica rk. In case of $i02 5 CPC-CPX
calculated BET surface area of 215 + 4 mg~" and 334 = S m%g~’, !lwocu ggévﬂn&hkﬁiﬂlgglﬂa
%cﬂ.<.§ﬂ-§!&&l85n§—nul‘9, with a pore volume of 1.37 cm’/g

antibiotic micelles within the porous structure, BET surface areas of  and 1.33 am™/g. However, estimated pore sizes may not be reflected
17 +1m%", 5+ 1 m’g" and 5+ 1 m%g"? were calculated for Si0, O h H ination (Fig.
CPC, §iO2 > CPC.CPX and $i0Oz > CPC-RIF. Before calcination, Nz

g—EEEE%BQE%EB

Z

~ wacre
B

58885
7

i £y :

MI . wu m. V4
— B "
M:. PIP, :w M.: J PR, _vm M._. PP, :.M
I I 1 ng i "
20 HEL BE, B
=l ng feel VL “m eV “m
m T poewidniom © © & m * porewitihiom m ¥ orewidih fom

synthetized and after calcination treatmsent at 600 “C for 18 h.
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alter the templating-abilities of CPC micelles. Furthermore, $i02 5 CPX
partides display a nonporous structure E on the adsorption
isotherm, before and after calcination (Fig. $11), confirming that the
ggr%&ﬂ&iggﬂ!gﬁ
EnnEnul—av!.an—n.

Release studies were conducted to demonstrate the potential use of
developed nanopartides as drug delivery system. were

Micrparows and Meoporos Materials 363 (2024) 112841
4. Conclusions
CPC micelles have shy i ir structure

ésgginﬂtiglgia
into silica The CPC &

suspended in water and examined for antibiotic release overtime upon region of the CPC micelle. The NMR studies show that RIF is located
&aﬁﬂglggiﬂanuﬂls ru.—_.r!!nn EBUE%&E core. The micelle incorporation of
is also shown by a suite of analytical techniques. Intro-

—Ian_nuﬁm 9). Dual loaded antimicrobial particles, $i0, > Q§ ﬁﬂr‘gﬂﬁl_ﬂg pgaﬁl_&s-vﬂﬂlé
@ gﬂiﬂgnnﬂngﬂ!‘lﬁggg within the Si0, as shown by studies,

0.7 pgepe/ml after 48 h. In addition, CPX release 0.3 = 0.1 SI!EEEE.{EEIHE
__un!\B—. ic&sﬂgr.ginll.g X oc The & can be released from slica
bials from Si0z > giii@u CPX (2 mg/ml), a i&lﬂ&lsgsiﬁniﬂi%lg
E -------- 0.03 pgox/ml is observed ng a system of d: delivery. Our results
(Fig. 512). Release from $i0; > CPC-RIF (2 !ﬁ\!—.:aagﬂ.:.: represent igqﬂiggﬂ—vﬂiﬂmpln
v.;r-igning%%i.ﬁis therapeutic template which can find applications in enhancing loading
0.6 pgese/mL. The release of RIF is below the limit of detection for 0 Teicase of poarly-water soluble antibiotics.
UV-Vis and therefore not quantified in this experiment, this is due to the CRediT
low REKEFES-EEE&

.:K—Igl.’ama-rnlg confirmed by mass
spectrometry (Fig. 512). Finally, $i0, O CPC (2 mg/ml) particles in PES
buffer (pH 7. uu!ul similar tim gnﬂgﬁ%‘aﬂ
methanol was chosen for the effi-
Eﬂ&é&?iﬂlgi— 1] Release of
the was for
$i0z > n‘skaw!u\ic.u Elwn_,n has 64 = 07
HEcpx/mL and 140 + 14 pgy/ml. Similardy, for $i0; > CPC-RIF: in

. 7+ 5

livery. [52]
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6. GENERAL CONCLUSIONS AND

FUTURE WORK

In this thesis, we explored the chemical versatility of silica nanoparticles for the
development of more efficient antibiotic delivery system through nanoparticle surface

and framework modification.

Firstly, we developed an aminocarboxylate coated hybrid silica nanoparticle
(DTPA@SiO2oRu-Van) via dual inclusion of a ruthenium(ll) luminescent complex
(Ru) and the glycopeptide antibiotic vancomycin (Van). Resulted nanoparticles
displayed a continuous antibiotic release and optimal stable red-luminescence from
the included Ru, ideal for imaging. The DTPA-coating was developed to enhance the
internalization of nanoparticle into gram-negative bacterial cells, as the chosen
antibiotic is not able to be internalised by itself due to the reduced membrane
permeability of gram-negative bacterial cells. DTPA@SiO2>oRu-Van nanoparticles
displayed an excellent antibacterial activity, inhibiting bacterial growth with Van
concentrations similar than those requited for inhibition of gram-positive bacterial cells.
Structural Illumination Microscopy evidenced the importance of the coating as
uncoated nanoparticles were not internalised into E. coli cells while coated particles
displayed high internalization. Nevertheless, no change between uncoated and coated
nanoparticles was observed for those bacterial species (P. aeruginosa and B.
cenocepacia) that displayed protection of the structurally crucial membrane divalent

cations.

Further modification of DTPA@SiO2oRu-Van coating by Fe(lll) cation chelation
resulted in the development of Fe3*DTPA@SiO:oRu-Van nanoparticles with
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enhanced activity compared with DTPA@SiO2oRu-Van even in case of P. aeruginosa
and B. cenocepacia. The presence of the anchored metal complex onto nanoparticles
surface was confirmed via a plethora of material chemistry characterization
techniques. The present of the metal cation did not alter the release performance of
the nanoparticles, neither their luminescent properties. Enhanced antibacterial
properties of novel nanoparticles was confirmed against a range of different gram-
negative bacterial cells. Their mechanism of action was elucidated which relied on
nanoparticles uptake through siderophore-uptake systems, making those system the
first silica nanoparticle whose uptake is driven by siderophore-uptake systems. Upon
investigation of Fe**DTPA@SiO.>Ru-Van activity with S. aureus, E. coli and P.
aeruginosa strains with single siderophore-membrane receptor inactivation helped us
to identified that those carboxylate- and hydroxamate-based receptors are involved in
nanoparticles activity. These findings were further validated by Structural lllumination
and Transmittance Electron Microscopy where nanoparticle internalization and
interactions with bacterial cells was enhanced upon overexpression of receptors, and
decreased upon inactivation of carboxylate- and hydroxamate-based receptors.
Furthermore, we developed a molecular antibiotic-containing analogue (Fe3*DTPA-
Amoxz) and confirmed that shared same mechanism of action that

Fe3*DTPA@SiO2oRu-Van.

Moreover, a photoresponsive silica nanoparticle was developed containing novel silyl-
modified spiropyran bridged within the framework (SP-SiO2). The content of the
photoswitch was optimized in order to achieved highest content possible and the effect
of the hydrophilicity of the framework explored. Nanoparticles presented negative
photochromism displaying the open form of the photoswitch due to H-bonding with the

silica framework. Hydrophobicity increase by addition of DMDES resulted in a

402
Asier Rodriguez Muguruza — December 2023



decrease in the open forms of the photoswitch. Thereby, employed the described
negative photochromism of the dye to lock the TMP antibiotic within the framework
(SP-SiO2oTMP), which was confirmed due to the disappearance of the protonated
H*MC form and based on the slower MC-to-SP upon irradiation and faster SP-to-MC
dark conversion. TMP-loaded nanoparticles displayed light-triggered release
alongside an on-off release mode. Their activity was confirmed against reference and
clinical isolated of urinary tract infection E. coli strains with different susceptibilities
against TMP. These results suppose the first evidence that developed nanoparticles
could be employed for the functionalization of catheter surface for on-demand

antibiotic release during long-term catheterization.

Finally, we explore different strategies for the effective encapsulation and release of
the model hydrophobic CPX from silica-based nanoparticles. First approach was
based on supramolecular interactions between CPC micelles and CPX, confirmed by
NMR and optical spectroscopy, depicting CPX in the palisade regain of the CPC
micelles. Formed supramolecular complex was encapsulated in silica nanoparticles
(Si02oCPC-CPX) displaying higher porosity induced by micelle encapsulation and
concomitant release of CPC and CPX. On the other hand, PSQ nanoparticles base
don BTEB were synthetized and CPX encapsulated. Higher CPX encapsulation
efficiency was obtained in PSQ>CPX nanoparticles compared with any other
nanoparticle design alongside sustained CPX release. PSQ nanoparticles also
displayed higher porosity as estimated by N> porosimetry analysis. Finally, quantitative
analysis of CPX release profile from newly designed and controls nanoparticles
(Si02oCPX and MSN@CPX) based on drug release kinetic models confirmed that
Si02oCPC-CPX and PSQ>CPX nanoparticles exhibited sustained CPX release over

time, while the control nanoparticles resulted in burst CPX release. These results
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suppose a step forward for the development of more efficient silica-based nanoparticle

for delivery of hydrophobic antibiotics.

Overall, each chapter presents a novel strategy for the design of more efficient
antibiotic delivery systems by modification of the surface or framework composition of
the traditional silica nanoparticles. This work could be understood as the development
of a toolbox of elements for the ex profeso production of novel silica-based drug
delivery systems combining the different surface modifications and framework
compositions explored in this thesis. In this way, surface permeabilizer
photoresponsive nanoparticles or polysilesquioxane nanoparticles with enhanced
antibiotic release able to selectively interact with siderophore surface receptors would

be investigated.
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7. INSTRUMENTATION

"H-NMR spectra were recorded on a Bunker AV300 (300 MHz), AV400 (400 MHz) and
AV500 (500 MHz) spectrometers. "*C-NMR spectra were recorded on a Bunker AV400
(400 MHz) spectrometers. All deuterated solvents were purchased from Sigma-Aldrich

if the higher possible quality.

ESI-MS was recorded using a Thermo Scientific LCQ Fleet ion trap LC/MS mass
spectrometer equipped with a Finningham Surveyor autosampler and controlled by
XCalibur software. LC-MS analysis was performed in a Waters Xevo G2-XS
chromatographer, Samples introduced using a Waters Acquity H-Class UPLC. Mass
spectra acquired using a Waters Xevo G2-XS, operating in resolution mode, with a
minimum resolution of 20,000 FWHM; Leucine Enkephalin used as the lockspray
reference ion. ESI spectra obtained with a spray voltage of 2kV, operating at a

temperature of 250°C.

FT-IR data was recorded with a Perkin ElImer 100FT-IR spectrometer fitted with ATR

attachment; samples were dried overnight under vacuum prior the measurements.

DLS data was recorded by a Malvern Panalytical Zetasizer ZS instrument equipped
with a H-Ne 633 nm laser at 25 °C and with a back-scattering of 173 ° using PBS buffer
(0.1 M, pH = 7.4) as dispersant. The instrument was controlled with a Malvern DTS
7.03 software. All sizes were determined in based on 5 measurements containing 10
runs on each. {-potential was determined after measuring each sample at 25 °C in

triplicate in MiliQ water or PBS buffer (0.1 M, pH = 7.4) as dispersant.

Solid-state UV-Vis spectra were recorded using a Cary 5000 Uv-Vis

spectrophotometer equipped with a solid-state attachment. Steady state
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luminescence measurements and time resolved studies were recorded on an
Edinburgh Instruments FLS920 steady state and time-resolved spectrometer. The
detection system used an incorporated R928 Hamamatsu photomultiplier tube. F980
spectrometer analysis software was used to record the data, and all spectra were
corrected for photomultiplier and instrument response. Luminescent lifetimes were
recorded with EPL-375 laser as an excitation source and fitted using Edinburgh
Instruments FAST software with estimated error of £ 10%. Determination of released
cargo was determined using a Horiba TCSPC Fluorolog spectrophotometer with Fluor
Essence V3.8 software, corrected for lamp and instrument response or using a Cary

60 UV-Vis spectrometer.

Thermogravimetric analysis (TGA) was performed in a TGA 8000 PerkinElmer
thermogravimetric analyser, controlled by a Pyris Software version 13.3.1.0019.
Samples were loaded into ceramic sample crucibles, circa 6.6 mm in diameter and
1.95 mm in height. The temperature is held at 30 °C for 1 min then increased from 30
to 120 °C at 100 °C min-', followed by an isothermal step at 120 °C for 60 min. Then,
temperature was raised from 100 to 800 °C at 5°C min-'. Finally, samples were cooled
down from 800 °C to 30 °C at a 30 °C min-1 rate. All thermal decompositions are

performed under airt flow.

Isothermal titration calorimetry (ITC) was performed using a Malvern MicroCal PEAQ-
ITC instrument and the binding curve was fitted with the Malvern MicroCal PEAQ-ITC

V1.41 using the ‘One Set of Sites’ model.

Structural illumination microscopy (SIM) was performed using a Zeiss Elyra 7 system
equipped with 405 nm and 488 nm lattice lasers. Structural illumination images were

processed using the Zeiss ZEN software and analysed using the ImagedJ V1.51
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software. Colocalization analysis between channels was carried out using the Fiji
image software plugin Just Another Colocalization Plugin (JACoP), from which the
Pearson and Manders’ Overlapping correlation parameters were calculated over five

different images per treatment.

The N2 sorption analysis was performed at 77 K on a Nova porosimeter instrument in
the relative pressure range 10-6-0.99p/po to avoid N2 condensation on the
micrometre scale. The samples (50-70 mg) were dried and degassed at 150°C
overnight in the Nova instrument. The samples were analysed using 12 mm wide glass
tubes. The pore size distribution was obtained using the 3Flex Software (v5.02) using

the heterogeneous surface nonlinear DFT model (HS-NLDFT).

Scanning Electron Microscopy (SEM) images were recorded in a Zeiss EVO 10
electron microscope. Transmission Electron Microscopy (TEM) images were recorded

in a JEOL1400 electron microscope.
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