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1. Introduction
1.1. General introduction

Around 60 years ago, the inhibiting effect of cisplatin (cis-diamminedichloridoplatinum(ll))
was discovered by Barnett Rosenberg during an investigation of cell division in Escherichia
coli.r Using platinum electrodes to generate an electric field, he observed stagnation in cell
viability.! Later, he discovered that the electrolysis product from the platinum electrode was
responsible for the inhibition of cell division and not the electric field. This moment led to “the
birth of medicinal inorganic chemistry”.2 In 1978 U.S. Food and Drug Administration approved
cisplatin for treatment of testicular cancer.? Until today, cisplatin is one of the most commonly
used agents for chemotherapeutical treatments.?® Cisplatin provides high cytotoxicity and is
used to treat various types of cancer.* It cross-links with DNA causing irreversible damaging,
that prevents DNA replication and leads further to apoptosis.* During chemotherapy with
cisplatin, several side effects can occur, due to DNA binding with healthy tissues. One common
side effect is nephrotoxicity, which can cause renal failure.* Furthermore, resistance
mechanisms of cancer cells against cisplatin are reported, leading to increased interest in the
development of new metal-based drugs.?* Several studies suggest high cytotoxic activity of

organotin(lVV) compounds, making them good candidates for potential anticancer agents.®%®

Up to now, the low bioavailability and system damaging side effects, prevent their usage as
effective anticancer drugs in present therapeutic aspects. To improve the bioavailability,
nanoparticles can be used as drug delivery systems to enhance the solubility of the anticancer
drugs and protect them from biodegradation.>”® Among them, mesoporous silica nanoparticles
(MSNs) provide prosper potential with adjustable properties, like shape, size and pore
appearance.®® MCM-41 and SBA-15 are most widely used MSNs which exhibit hexagonally
ordered pores with specific surface areas up to 1000 m2/g.1%!! These nanoparticles have high
biocompatibility, non-toxic behaviour and were successfully used as drug delivery systems,
where the drug-loaded MSNs showed increased antitumor activity compared to the free

drugs.*>*?



1.2. Mesoporous silica nanoparticles

Due to the drawbacks of the chemotherapeutical drugs such as their short half-life, off-target
action and minor biocompatibility, mesoporous silica nanoparticles have emerged as
outstanding carriers for drug therapy.®*® Possibility of tuning specific surface area, particle size,
shape and pore properties and moreover high biocompatibility of MSNs make them very
attractive vehicles.”% MSNs can be synthesised through a sol-gel process via a modified
Stober synthesis.”** As shown in Figure 1, a micelle forming precursor is dissolved in pure
water where single spherical micelle formations arrange into hexagonal assemblies.”® For this

step cetyltrimethylammonium bromide (CTAB) is an often used surfactant.”%4
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Figure 1: Schematic procedure for the synthesis of MSN 8

Under alkaline conditions, a silica species, e.g. tetraethyl orthosilicate (TEOS), is added to the
solution.!* The silica species condensate on and around the micelle template forming silica
walls and growing into an inorganic solid silica structure.!* During this step, micelle
concentration, temperature, pH and stirring speed can define the shape and size of the pores and
particles.”®* After the solid silica structure is completely formed, the template inside of the
structure has to be removed.”** The removal can be managed via washing with ethanol and
water followed by calcination. The most common particles MCM-41 and SBA-15 provide



spherical and rod-shaped particles, respectively.”*® In general, the size of the obtained MSNs

can vary from 20 nm up to 1000 nm.%1>16

Although the interaction between MSNSs and targeted cells or biological systems is influenced
by many properties, such as particle size, shape and porosity, the general uptake of
nanoparticles in cells proceeds via endocytosis.”** Endocytosis can be regulated by clathrin-
dependent or clathrin-independent uptake.!* Both ways result in the uptake of the particles into
the cells as endosome, where the degradation of the particle is initiated.* Studies suggest that
nanoparticles with different sizes interact differently. For instance, circulation time in
bloodstream is longer for small particles, leading to possible haemolysis.”®* MCM-41
nanoparticles with same Brunauer-Emmett-Teller (BET) surface, but different particles sizes,
25 to 225 nm, were examined with respect to their interaction with red blood cells.!” It has been
reported that interaction was higher for small particles or for higher dosages and size dependent
interaction only applies for long-range ordered pores.t” In an in vivo study with mice, the
distribution of MSNs was traced. Particles with 80, 120, 200 and 360 nm were given to mice
intravenously and it could be observed that larger particles accumulated more in organs such as
liver and spleen and to a lesser extend heart and lung, compared to the smaller ones.*® According
to the early capture, degradation of larger particles was faster than for smaller particles.®
Despite their accumulation, no toxic and inflammatory effects were detected.'® Another in vivo
study reported similar results. Lu et al. injected intravenously 100-130 nm large particles (50
mg/kg) in mice twice per week for 14 days, resulting in a mild liver transaminase for one mouse
out of two.*2 Animals which received a higher dose (100 mg/kg) showed no abnormalities upon
treatment. Furthermore, long-term toxicity investigation has been carried out where mice got
an intraperitoneal injection twice per week for two months and the same results have been
found.'? Additionally, excretion of 94.4% of 1 mg injected MSN within four days was observed
in a mouse.*? Phagocytes filter particles bigger than 100 nm and are mainly located in liver,
spleen and lymph nodes.!*'” Phagocytes as part of the reticuloendothelial system (RES)
circulate in the bloodstream and engulf foreign particles.® It is not unusual that accumulation
of MSNs takes place in liver, as part of metabolism, and in spleen, as part of the RES. Larger
particles get trapped more easily by the immune system which may reduce their targeting.
However, due to complex interplay of MSNs, their uptake and circulation has to be investigated
in vivo in more details in order to elucidate influence of the particle size, shape and specific

surface area.



Due to shape and pore dependent interaction with red blood cells, MSNs exhibit high
biocompatibility in vivo and despite their accumulation, no major toxicity or abnormalities have
been reported so far, making them beneficial drug delivery systems. The application of many
drugs is limited because of their low solubility and stability in aqueous solutions preventing
good bioavailability and consequently, effective therapeutic utilisation.”** The usage of MSN
can be beneficial for overcoming these issues. When such drugs are loaded into the MSN, they
are protected from decomposition. Use of MSNs may also prevent multidrug resistance.” Beck
summarises that loaded MSNs can channel the drugs into malignant cells.” This is beneficial
taking in consideration that overexpression of P-glycoprotein plays an important role in removal
of the drugs out of the cell.” Further, multiple loading of the nanoparticles may transport both

drug and oligonucleotides that can overcome multidrug resistance.’

There are two ways to target specific cells: passive and active targeting.®®* Passive targeting
of cancer cells can be achieved due to the enhanced permeability and retention (EPR) effect of
the malignant tissue.”® Malignant cells provide an abnormal, increased proliferation with the
ability to spread and therefore, require more oxygen and nutrients.** Consequently, they have
an especially high production of new blood vessels with gaps between endothelial cells,

allowing bigger nanoparticles to reach these cells, see Figure 2.8914
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Figure 2: Schematic depiction of nanoparticles reaching malignant cells due EPR effect &
While in the healthy tissues the pore sizes are ca. 25 nm, the lack of endothelial cells allows the

nanoparticles to leave blood vessels and accumulate at malignant cells (cut-off 380 to 780 nm).

Without an efficient lymphatic drainage around malignant cells, the EPR effect can be used to



accumulate bigger particles without being cleared.®** That allows the accumulation of particles
up to 780 nm.2 Thus, it increases the local impact of drug-loaded MSNs at targeted cells and
decreases exposure on the whole system at the same time. All of this point out that new
promising therapeutic strategies are possible.”#2 For instance, Lu et al. could show in vivo that

drug-loaded nanoparticles accumulated preferably in tumor tissues.'?

However, the possibility of passive targeting therapy depends on the cancer type and it cannot
be applied, for example in cancers like leukaemia when the malignant cells are circulating
through the blood system.”®* Using receptor specific ligands such as peptides or whole
antibodies on the surface of the MSNs, a selective binding of the nanoparticles to the receptor-
expressing cells can be achieved, inducing a receptor based endocytosis at the target cell.”%1214
For instance, folate receptors are overexpressed on many tumor cells.!* There, several
successful investigations for active targeting are reported.®'* Furthermore, via surface

modification it is possible to use ligands, that inhibit the uptake by an untargeted cell.*

1.3. Nonsteroidal anti-inflammatory drugs

1.3.1. General

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used to reduce pain and inflammation and
are among the most prescribed medications every year.2° Furthermore, they have antipyretic
properties.?>?! The application can vary from muscle pain, pyrexia, migraines to arthritis, gout
and acute trauma cases.?? Based on their selectivity or their chemical structure, they are divided
into several groups.?>?® With regards to their chemical structure, they are classified into
salicylates, acetic acids, propionic acids, fenamic acids, enolic acids and ketones.?* The
mechanism of NSAIDs consists of an inhibition of the cyclooxygenase (COX) enzyme, which
is involved into synthesis of prostaglandins (PG). These prostaglandins are important

inflammation mediators.

There are two isoforms of the enzyme: COX-1 and COX-2.29222> COX-1 is constitutively
expressed in the body and is involved into maintaining of gastrointestinal mucosa lining, kidney
functions and platelet aggregation.?? It is necessary for gastric mucosal integrity via anti-
thrombogenic and cytoprotective behaviour.??2® It has a housekeeping effect by synthesising
compounds, which regulate normal cell activity.?* The second isoform COX-2 is inducible
expressed by inflammatory effects and is involved in inflammation, pain and fever.?2? Reports
have shown, that COX-2 and its expression are also linked to tumor genesis.?® Cyclooxygenase

first catalyses arachidonic acid into the endoperoxide prostaglandin G, (PGG2) with a COX



active site. The second active site of cyclooxygenase is peroxidase active, converting PGG:into
other main inflammatory mediators.?® An overexpression of COX-2 and consequently synthesis
of prostaglandin E: is associated to increased angiogenesis of cancer cells.?® Prostaglandin Ez
can stimulate cancer progression and may inhibit apoptosis in tumor cells.?® It has been reported

that in COX-2-knockedout mice, growth of cancer cells is inhibited.?’

With focus on their selectivity, NSAIDs are classified into nonselective and selective ones,
especially COX-2 selective NSAIDs.?%%2 Nonselective NSAIDs inhibit both COX-1 and
COX-2. Because of the important role of COX-1, inhibition of it leads to gastrointestinal and
platelet side effects, like gastrointestinal bleeding, perforation, abdominal pain and renal
problems.?*?* Some of the nonselective NSAIDs are aspirin, ibuprofen, naproxen, fenoprofen
and ketorolac.?* Due to these induced side effects, inhibition of only COX-2 is intended and
therefore COX-2 selective inhibitors were developed. Representatives of this class of so-called
coxibs are celecoxib and rofecoxib..?32° These drugs still inhibit COX-1 but have less effect on
it in comparison to inhibition of COX-2. Their COX-2 selectivity is given by and COX-2/COX-
1 inhibition ratio. The higher the ratio, the better the specific therapeutic effect and the lower
the inhibition of COX-1 is achieved.?*? COX-2 selective NSAIDs also cause some side effects.
Abdominal pain, a risk of gastrointestinal bleeding, perforation and increased blood pressure
are related with this class of compounds.?2* Using NSAIDs in cancer therapy may lead to
synergetic effects due to anti-inflammatory action and COX-2 and consequently tumor
angiogenesis inhibition. Nevertheless, the usage und furthermore the field for NSAIDs as

possible cancer therapy will be increased.?®2*

1.3.2. Fenoprofen

Fenoprofen (fen), 2-(3-phenoxyphenyl)propanoic acid or its trade name Nalfon, is a drug which
is used for postoperative pain.?® For this purpose it is prescribed in countries like Austria,
France, UK and USA.? It belongs to the group of NSAIDs, therefore it operates by inhibiting
cyclooxygenase to prevent prostaglandin synthesis.?® Fenoprofen has isopropyl moiety making
it structurally similar to other common used NSAIDs like ibuprofen, flurbiprofen and naproxen,

see Figure 3.1028
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Figure 3: Structure of fenoprofen (fen)

Fenoprofen itself shows modest antiproliferative activity, but cytotoxic effects could be
increased in fen amide derivates.?® Nevertheless, inflammation can produce DNA-damaging

and inflammatory cells are associated with cancer development and growth.*

Due to its lipophilicity character, fenoprofen, and other similar NSAIDs, must be used in high
dosages to reach good bioavailability, causing more side effects as well.3* Approaches based
on the organotin(lV) containing NSAIDs can achieve the anti-inflammatory and
antiproliferative effects.

1.4. Ferulic acid

Ferulic acid (fa), (2E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enoic acid, is an antioxidant,
common in nature.23 The trans isomer predominates up to 90% of all phenolic acids and can
be found in fruits, vegetables, corn and flour.? It is part of the biosynthesis of lignin and plays
the role as antioxidant in other biopolymers.3232 As showed in Figure 4, ferulic acid consists of

a phenolic nucleus with an unsaturated carboxylic moiety.

O

O
Ho™ N ~

OH

Figure 4: Structure of ferulic acid (fa)

Free radicals may induce a chain reaction inducing oxidative stress. If a radical attacks the fa,
the hydroxyl group gets deprotonated, leading to a radical of the ferulic acid itself.3? The
structural characteristics of antioxidants make it possible that the radical chain reaction is
stopped, by a stabilised conjugation. The radical is stabilised through conjugation between the

side chain and phenoxy group, see Figure 5.
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In addition to the antioxidant activity, fa exhibits also other properties potentially beneficial in
therapy. Fa shows antimicrobial activity, inhibiting gastrointestinal microflora, e.g. Escherichia
coli. Furthermore, it inhibits reactive oxygen species induced by viruses, which makes fa
attractive for food and cosmetic industries.®® Another therapeutic activity is the anti-
inflammatory effect. It has been reported that fa and its derivatives decrease levels of
prostaglandin E2.32 Nile et al. screened several fa derivatives for their anti-inflammatory
activity against two pro-inflammatory cytokines and compared them with dexamethasone, a
common anti-inflammatory drug. The results showed comparable anti-inflammatory activity.>*
Same authors postulate that fa may inhibit reactive oxygen species leading to the pro-
inflammatory effect. Furthermore, good COX-2 inhibiting properties for some fa derivatives
were reported.® In addition, fa and some other phenolic acids, provide anticancer effects by
inducing apoptosis.® Kempa et al. reported an anticancer activity against human breast cancer

due to antiproliferative and apoptotic effects of phenolic acids, among them fa.*®

These properties make fa an attractive ligand for the development of new potential cytotoxic

drugs and therefore, it is chosen for this study.

1.5. Organotin(lVV) compounds

Nowadays, cisplatin still is one of most commonly used cytostatic agents in cancer treatment.?3
World Health Organization categorized cisplatin in “model list of essential medicines” of 2021
for head and neck, ovarian and testicular cancers.®® When cisplatin reaches the cell where
chloride concentration in cytoplasm is less than 100 mM, hydrolysis of the compound into
mono- and di-aqua under elimination of chlorido ligand occurs.? These hydrolytic products then
bind to DNA bases guanine and adenine, leading finally to apoptosis. Only around 1% of the
drug actually reacts with DNA.? The low concentration of active species in target cells as well
as the multidrug resistance, reduces the efficacy of the cancer treatment and leads to application

of high doses associated with more unwanted side effects.>® A number of metal-based drugs



has been developed and investigated, but cisplatin and its derivatives carboplatin and oxaliplatin

remain as important drugs for cancer treatment, used in around 50% of chemotherapies.?

Among non-platinum based metalorganic dugs, organotin(IV) compounds gain interest.®’
Organotin(IVV) compounds are bioactive and as such are used in agriculture as biocides or in
paint for ship hulls.®3® Once expressed to marine systems, they accumulate in organisms and
due to sexual abnormalities assumed as endocrine-disrupting chemicals leading to imposex.3®
Especially triphenyltin(IV) and tributyltin(IVV) compounds are lipophilic and have high
potential for bioaccumulation.®® Nevertheless, they revealed high cytotoxicity and can
overcome multidrug resistance with indications that organotin(IV) carboxylates are more
effective than cisplatin.®"*° Amir et al. reported on anticancer studies with organotin(lV)
carboxylates where, depending on organotin(lV) derivate and ligand, different activities against
several tumour cells were shown.®” In another study, it was presented that some tin(1V)
compounds had promising activity against lymphocytic leukaemia in mice, but were inactive
against the solid tumours, confirming the differential interaction of these compounds.®
Therefore, both the tin(I\VV) moieties and the ligand influence the bioactivity and cytotoxic
activity.®®" Despite dependencies on cancer cells, higher cytotoxic activities have been reported
for diphenyltin(1V) moieties and dibutyltin(1\VV) moieties, but the mechanism of action remains
unknown.® Yet, it has been confirmed that for triphenyltin(IV) species, n-r interactions with
DNA base pairs occurs and it is suggested that apoptosis is responsible for the anticancer
action.® Yusof et al. review that tin(IV) compounds inhibit “protein complexes (F1Fo ATP
synthases), membrane-associated functions, macromolecular synthesis, protein synthesis and
DNA replication” where major inhibition sites have to be understood.® Triorganotin(IV)
compounds provide highest toxicity, but underwent disproportionation in solution and by that,
diorganotin(IVV) compounds seem to be best cytotoxic agents with reported higher cytotoxic
action than for standard drugs for specific cancers.® The limited bioactivity of triorganotin(IV)
compounds seems to be due to their high lipophilic character leading to low bioavailability.
Among organotin(lVV) compounds, triphenyltin(IV) and tributyltin(IV) derivates with
carboxylato ligands showed highest cytotoxicity against human tumor cells.> A recent study
presented novel triphenyltin(IV) carboxylates and examined their cytotoxic activity. Panteli¢
et al. tested these compounds against three different cancer cell lines and observed remarkable
activity. From the obtained ICso values is it clearly shown their superior activity with respect to

cisplatin, ranging from 26 to 119 times.**



1.6. MSN as drug carriers for organotin(l1\VV) compounds

Despite the promising properties of the triorganotin(IV) carboxylates, their application as
anticancer agents might be limited due to the lipophilic character resulting in low
bioavailability. With the usage of MSNSs as drug carriers this problem can be overcome and the
bioavailability of the active drug can be enhanced. Recent studies with organotin(IV) loaded
MSNs reveal high cytotoxic effects with low concentrations. Bulatovic¢ et al. studied the
anticancer activity of (hexanol-1-ol)triphenyltin(1V) loaded into functionalised rod shaped
SBA-15 nanoparticles with the size 720 x 460 nm.*? They investigated the impact of loaded
MSN onto B16 melanoma cells in vitro. The pure organotin(IVV) compound as well as the
immobilised compound were tested on cellular viability of B16 cells, resulting in much higher
activity for loaded particles at concentrations, where the free tin compound had no impact on
the tumor cell viability.*? Results obtained from in vivo tests in mice also revealed high
cytotoxicity and good toleration for loaded SBA-15.%? During investigation over 28 days, cancer
growth in control and group which received pure functionalised SBA-15 were similar.* Two
mice died from the group treated with cisplatin.*? Mice, treated with free organotin(IV)
compound, had a slower tumor grow while for immobilised into SBA-15 the tumor completely
abolished.*? Besides good cytotoxic and apoptotic activity of free (hexan-1-ol)triphenyltin(1V),
drug-loaded in SBA-15 trigger additional mechanisms in tumor cells.*? Namely, formation of
melanocytes have been detected, indicating that malignant cells underwent cell differentiation.
Furthermore, apoptosis of the malignant cells did not result in a typical stronger proliferation
of neighboured cells.*? The lack of changes in the group treated with pure MSNs confirms the
high biocompatibility of the MSNs. Maksimovic-lvanié et al. studied the cellular uptake of
MSNs and investigated the apoptotic effect of loaded organotin(IVV) on human melanoma cells.
Endocytosis of functionalised SBA-15 with particle size 650 x 440 nm was detected in A375
human melanoma cells.** The MSNs could adhere on the surface of the cells where after short
treatment time, micropinocytosis could be observed.*® Higher apoptotic and antiproliferative

effects for loaded organotin(IV) compounds were observed.*®

Although it is not completely clear, recent studies suggest that organotin(I1VV) immobilised into
MSNs not only induce apoptosis, but may also interact with proliferative regulators and induce
senescence and transdifferentiation.*>#® This points out that such drug-vehicle combinations
can be considered as high potential anticancer delivery systems with enhanced bioavailability

and less toxicity.
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1.7. Aim of the work

Organotin(IVV) compounds provide high cytotoxic activity but their application might be limited
due to their low bioavailability and toxicity. With mesoporous silica nanoparticles as drug
delivery systems, bioavailability of loaded drugs can be increased while lower doses may be
applied. In recent studies, organotin(I\VV) compounds were loaded in MSNSs resulting in good or

even better anticancer actions in comparison to cisplatin.

The aim of this work will be the synthesis of novel (carboxylato)organotin(IVV) compounds
containing nonsteroidal anti-inflammatory drugs (NSAIDs) or bioactive compounds as
carboxylato ligands. That will combine both, high cytotoxicity by apoptosis (organotin(1V)
moiety) and anti-inflammatory interaction in one compound. The compounds will be
characterised with common methods such as *H, 3C and 1°Sn NMR spectroscopy, electrospray
ionisation mass spectrometry and elemental analysis. Due to enhanced therapeutic action for
drug-loading MSNSs, synthesised organotin(IVV) compounds will be immobilised into MCM-41
and SBA-15. Prepared MSNSs containing organotin(IVV) compounds will be characterised by N2
sorption, scanning electron microscopy, small-angle X-ray scattering and energy dispersive X-
ray spectroscopy.
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2. Results and discussion
2.1. Synthesis of (ferulato)triphenyltin(1V), [PhsSn(fa)]

Ferulic acid was chosen as ligand due to its bioactive properties described earlier. [PhaSn(fa)]
was obtained in the reaction of triphenyltin(1V) chloride and ferulic acid in the presence of a
base in THF at room temperature (Scheme 1).

[; 0] [ j )
an_0| ¢ HO = O Triethylamine QSn—O G (ONQ
THF, r.t., 18 h
OH OH
Scheme 1: Synthesis of [PhsSn(fa)]

The reaction displays a nucleophilic substitution with hydrogen chloride as leaving group.**#°
As the base takes the acidic proton, negative oxygen attacks the partially positively charged tin.
During that, chloride is leaving and with triethylamine and hydrogen, triethylammonium
chloride salt is formed which removes hydrogen chloride from solution. For successful
synthesis of organotin(I'V) compounds, usage of the base triethylamine (TEA) has been reported
before and emerged.*®-*° The further advantage of the proceeding TEA hydrochloride formation
is the possible precipitation as salt. Then, the purification of the desired compound should be
simplified via filtration of the precipitated salt. According to that, it was important to choose a
solvent which can well dissolve both precursors, but not the salt. Corresponding to Hazardous
Substances Data Bank, the salt is not soluble in ether.*® Based on this principle, THF was chosen

as reaction solvent.

The crude product was obtained by filtration and several purification methods have been
performed (recrystallisation of the salt from THF, extraction with ethyl acetate/water and
DCM/water). Nevertheless, by recrystallisation, triethylammonium chloride could not be
removed completely and extractions for salt removal led to decomposition of the organotin(IV)
compound. As an example of purification attempts, in Figure 6 the *H NMR spectrum of crude
[PhaSn(fa)] after extraction with DCM/water is shown.

12



N J@JM

T T T T T T T T T T T T T T T T T T T T T T T T
3.5 2.5 2.0 1.5 1.0

4.0
f1 (ppm)

Figure 6: 'H NMR spectra of fa (upper) and [PhsSn(fa)] (lower); after extraction of the crude product with
DCM/water; in CDCls.

The *H NMR analysis showed that the salt could be removed completely. Nevertheless, new
chemical shifts become apparent in the neighbourhood of some hydrogen atoms from the
[PhaSn(fa)] which could not be assigned to extraction solvents, indicating a partial
decomposition of the compound. *H NMR of the crude product before extraction can be seen
in the appendix (Figure A 1). For both extractions, presence of distilled water was the only
constant and therefore, it can be assumed that the presence of water leads to decomposition of
the product. Additionally, the ligand could be involved in side reactions due to the presence of
free phenolic group with a relatively high pKa of 10, which can be easily deprotonated.
Nevertheless, the free carboxylic proton of pure ferulic acid could not be detected in [PhsSn(fa)]

allowing the presumption that reaction took place.

2.2. Synthesis of (4-O-acetylated ferulato)triphenyltin(1V), [PhsSn(Acfa)]

As the free phenol group of the ferulic acid might be identified as a potential problem preventing
the formation and purification of the desired compound, protection of this group with an acetyl

function was performed. Protection of phenol group was carried out with modified literature
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procedure.® Ferulic acid was protected under alkaline conditions using only 0.5 eq. of acetic
anhydride. After filtration, recrystallisation and isolation under vacuum, the protected ferulic
acid could be obtained. The successful protection could be confirmed with the absence of the
phenolic OH proton and an acetyl group corresponding sharp resonance in *H NMR. The

synthesis of [PhsSn(Acfa)] was performed analogously to the synthesis of [PhsSn(fa)] in THF

(; 0 © 0
an—m ' HOJ\/\O:O\ e Sn—OJ\/\Q:O\
_
@ one THE 1L, 181 @ ohe

Scheme 2: Synthesis of [PhsSn(Acfa)]

at room temperature.

During reaction precipitated triethylammonium chloride was filtered off. Afterwards, the
volume of the solvent was reduced by evaporation and stored in the freezer for several days.
Upon filtration a crude product was obtained which was purified by extraction with
DCM/water. The product was obtained from the organic phase as pale-yellow solid in a good
yield (79%). [PhsSn(Acfa)] was characterized with *H, *C and °Sn NMR spectroscopy, and
HR-ESI-MS while purity was confirmed with elemental analysis. Triethylammonium chloride
could be removed successfully via extraction. This indicates that the presence of the free
phenolic group in the synthesis of [PhaSn(fa)] most probably lead to decomposition of the

compound during extraction.

The comparison between *H NMR spectroscopy of Acfa and [PhsSn(Acfa)] can be seen in
Figure 7. The complete spectra of both compounds are shown in the appendix (Figure A 2 and
Figure A 3).
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Figure 7: 'H NMR spectra of Acfa (upper) and [PhsSn(Acfa)] (lower), in CDCls;

All expected resonances of the Acfa were found in [PhsSn(Acfa)]. In the *H NMR spectrum of
Acfa, the acidic H atom is not present. It is possible that acidic protons get replaced with
deuterium during a proton exchange between solvent and compound.> All other resonances
from the H atoms of protected ferulic acid shifted in the spectrum of [PhsSn(Acfa)] especially
those closer to the carboxylic group, pointing out that carboxylic group might coordinate to
triphenyltin(1\VV) moiety. The coupling constant for vicinal protons in trans is higher than for
isomer and are around 16 Hz.%%* In present spectrum, the doublets at 6.50 ppm and 7.68 ppm
have a coupling constant Jun of 15.9 Hz each, allowing to identify them as vinylic protons of
Acfa due to their neighbouring. One chemical shift from vinyl group appears more downfield
in spectra of Acfa and [PhsSn(Acfa)]. The downfield shift appears due to the induced ring
current in the benzene ring of Acfa, where planar neighbours get deshielded.>>° Following this
explanation, the resonance at 7.68 ppm can be assigned to the proton next to the benzene ring
(H3’, see Figure A 17). The identification of both chemical shifts from vinyl moiety were
additionally confirmed with a *H,*C 2D NMR spectrum. The peaks shifted for 0.6 and 0.1 ppm
with higher shifts for the proton next to the carboxylic group. The sharp singlets at 2.31 and
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3.83 ppm correspond to the methyl protons of the methoxy group and acetyl protecting group
substituents at the benzene ring. The chemical shift at 3.83 ppm is caused by the more
deshielded protons from the methoxy group. Therefore, the peak at 2.31 ppm can be assigned
to the protons of the acetyl group. Multiplets correspond to triphenyltin(IVV) moiety (at 7.47 and
7.76 ppm) provided different shifts. The multiplet of the ortho-protons shifted more downfield
upon coordination to the tin(IV) cation, confirming an electron withdrawing neighbour next to
the tin nucleus, like a carboxylic group. 3C NMR spectrum of [PhsSn(Acfa)] is shown in Figure
8.
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Figure 8: 3C NMR spectrum of [PhsSn(Acfa)], in CDCls

In the 1*C NMR spectrum of [PhsSn(Acfa)] all carbon atom resonances from triphenyltin(1V)
moiety are slightly shifted in comparison to those in PhsSnCl (i.e. ipso carbon atom from 137.34
to 138.36 ppm).>® Those resonances are typical for tetrahedral coordinated tin compounds.>®
Pellerito et al. reported resonances of carbon atoms from ferulate anion (170.72 ppm) and as
ligand (172.76 ppm).>” The present resonance of carboxylate carbon atom is located at 173.13
ppm. Moreover, from the literature is known that vinylic carbon atoms resonances upon
coordination showed shifts from 114.81 and 146.78 ppm (free fa) to 119.91 and 144.76 ppm.®’
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All of this confirms coordination of the carboxylate function to the tin(I1V). Furthermore, 2D

(*H, C) NMR spectrum facilitate signal assignment.

The 119Sn NMR spectrum additionally confirmed the formation of desired compound. As it can
be seen in the appendix (Figure A 4) only one chemical shift can be observed from 1°Sn NMR
at -111.53 ppm. The resonance occurs in a typical range for tetrahedral
(carboxylato)triphenyltin(1VV) compounds.*?4756:58-60 |n the HR-ESI-MS of [PhsSn(Acfa)] the
molecular ion peak [M+Na]* was found at 609.0685 m/z (see Figure A 5).

Despite the fact that several attempts for crystallisation did not lead to growth of the crystals
suitable for X-ray structural analysis, the results obtained from the multinuclear NMR
spectroscopy ensure that the synthesised product is the desired compound. [PhaSn(Acfa)] will

be used for compound-loading into MSNS.

2.3. Synthesis of (fenoprofenato)triphenyltin(1V), [PhsSn(fen)]

Triphenyltin(IV) chloride was used again as starting material, due to its successful conversion
previous described in 2.2. Before reaction, fenoprofen was obtained from calcium
fenoprofenate dihydrate under acidic conditions. After extraction, the free fenoprofen was
obtained. The synthesis of the [PhsSn(fen)] was performed according modified procedure for

the synthesis of [PhasSn(Acfa)] using toluene as solvent, Scheme 3.

[ ) O
@—Sn-CI . /@ Trlethylamlne /@
Toluene, 60 °C, 18 h @“S”'O ©

Scheme 3: Synthesis of [PhsSn(fen)]

To remove precipitated salt, crude product was extracted with ethyl acetate/water leading to
decomposition. Repeated recrystallisation from toluene yielded the purified compound
(61.93%). [PhsSn(fen)] was characterised via *H, *C and ¥°Sn NMR spectroscopy. From the
'H NMR spectrum presented in Figure 9, it came clear that toluene remained in the product.
Because the immobilisation of the [PhsSn(fen)] into nanoparticles takes place in toluene

anyway, no further investigations were tried to remove the solvent.
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Figure 9: 'H NMR spectra of fen (upper) and [PhsSn(fen)] (lower), in CDCl3

Also here, in the 'H NMR spectrum a slight shift of hydrogen atom resonances from the
triphenyltin(1VV) moiety could be identified in comparison to [PhsSnClI]. The most prominent
chemical induced shift was observed for the CH (Ad = 3.82 ppm) from the isopropanoato
moiety. The 3C NMR spectrum is shown in Figure 10. Chemical shifts of the carbon atom
resonances from the [PhaSnClI] were similar to those from [PhzSn(fa)] with an ipso carbon atom
chemical at 138.06 ppm. The resonance of the tertiary carbon atom next to the carboxylic group
shifted from ppm and 18.03 to 18.97 (C2’, see Figure A 18) ppm. The phenylic carbon (C1)
from fen ligand shifted from 141.65 in a free acid to 143.06 ppm. Nevertheless, similar
downfield shift of carbon atom resonances from the propionic acid moiety were reported for

triphenyltin(1V) ibuprofen in tetrahedral coordination.®
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Figure 10: 3C NMR spectra of fen (upper) and [PhsSn(fen)] (lower), in CDCl3

1195n NMR spectrum revealed presence of 3 different resonances, thus 3 different species. The
main resonances at -107.65 ppm could be ascribed to [PhsSn(fen)]. The second chemical shift
in 12%Sn NMR spectrum at -45.39 ppm was detected and assigned to [PhaSnCl]. In addition, an
unexpected peak at -304.08 ppm can be seen in the spectrum (Figure A 10). Peaks more
upfielded than -260 ppm are from trans-trigonal bipyramidal penta-coordinated
triphenyltin(1V) compounds.®® The full spectra of *H and 3C NMR can be seen in the appendix
(Figure A 6 to Figure A 9).

In conclusion, synthesis of [PhaSn(fen)] was possible, however separation did not yield pure

compound.

2.4. Synthesis of (fenoprofenato)tributyltin(1V), [BuzSn(fen)]

[BusSn(fen)] was prepared applying the procedure as described for [PhsSn(fen)] and using

[BusSnCl] as starting compound. The reaction can be seen in Scheme 4.
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Scheme 4: Synthesis of [BusSn(fen)]

The fact that tributyltin(IV) is a liquid and fenoprofen a viscous oil becomes apparent in TEA
chloride salt removal. Solvent was reduced from the reaction mixture and the pure product was
obtained after full precipitation of the salt in toluene. The slightly brown sticky oil was collected
after evaporation of toluene (yield of 72.1%). Figure 11 shows the H spectra of free fenoprofen
and [BusSn(fen)].
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Figure 11: 'H NMR spectra of fen (upper) and [BusSn(fen)] (lower), in CDCl3

All expected protons of the synthesised product can be found in the *H NMR spectrum as well

as the absence of the acidic proton from fen is evident. In pure fenoprofen resonances of
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hydrogen atoms from the isopropyl group occurred at 1.49 (methyl group) and 3.71 ppm (CH
proton from the carboxylate moiety). Both signals shifted slightly upfield to 1.46 and 3.69 ppm.
Hydrogen atoms with more distance to the carboxylic group provide lower chemically induced
shifts. It could be noticed that with a trialkyltin(I\VV) moiety the chemical induced shift becomes
lower. Without electron clouds of phenyl groups around the tin, the electron density is lower
and by that, the absence of an electron withdrawing effect could lead to upfield shifts. The
chemical shift of methylene groups next to the tin are higher which shifted from 1.65
(tributyltin(1V) chloride) to 1.54 ppm ([BusSn(fen)]). The 9 protons at the end of the butyl
groups resonated from 0.92 to 0.87 ppm. **C NMR spectrum is shown in Figure 12.
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Figure 12: 3C NMR spectra of fen (upper) and [BusSn(fen)] (lower), in CDCl3

Resonances from the propionic carbon atoms shifted upon coordination up to ca 0.1 ppm.
Resonances of the methyl carbon atoms (C3’, see Figure A 19) and CH (C2’) shifted from 45.19
to 46.15 ppm and 18.03 to 19.05 ppm, respectively. Thus, findings in the **C NMR spectrum
suggests a coordination of the carboxylic group as well. With 2°Sn NMR spectroscopy there is
more evidence. A resonance at 112.89 ppm for the product was observed, appearing in the

frequency range for tetracoordinated tributyltin(IlV) compounds.®”® For further
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characterisation, HR-ESI-MS was performed, seen in Figure A 14. The peak with the highest
intensity was identified as [M+Na]" with 555.1890 m/z. However, a resonance for unreacted
tributyltin(1V) chloride could be detected in 1°Sn as well. Nevertheless, integration in *H and
13C NMR spectra provides matching protons for the desired compound. Furthermore, its
purification could be proofed with elemental analysis. For complete spectra see Figure A 11 to
Figure A 13.

Despite the fact that several attempts for crystallisation did not lead to growth of the crystals
suitable for X-ray structural analysis, the results obtained from the multinuclear NMR
spectroscopy ensure that the synthesised product is the desired compound and [BuzSn(fen)] will

be used for compound-loading into MSNSs.

2.5. Synthesis of MCM-41

In order to immobilise the active compounds into the two commonly used MSN, SBA-15 and
MCM-41, these materials were first prepared. In fact, the SBA-15 was previously synthesised
and available in the lab.?® For the synthesis of the MCM-41 well established procedure was
used.™ Briefly, the water solution of CTAB and NaOH was heated up to 80 °C and the TEOS
was added slowly. In the alkaline solution, hydrolysis of the TEOS into orthosilicic acid is
catalysed and remains with negative load. The positive cationic tensides and negative silica
species interact due to electrostatic interactions and the solid structure starts forming.”%?

Filtered solid product, after calcination, yielded the solid white material.

The MCM-41 particles were characterised with a scanning electron microscope (SEM), see
Figure 13.
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Figure 13: SEM image of MCM-41 particles, shot with 25 kV

MCM-41 particles showed spherical structures, similar to the already reported.'>% Several
particles, however, differ in shape and agglomerated into bigger kidney-like particles. Castillo
et al. examined conditions that can lead to coalescence of nanoparticles.®* Temperatures above
80 °C, high CTAB/TEOS ratios and fast TEOS addition rates are identified as potential reasons.
MCM-41 in present work was carried out with a CTAB/TEOS ratio of ca. 0.1, thus within
recommendation range.®* Remaining cause can be the temperature, leading to kidney-like
coalescence of MCM-41 particles due to hotspots in the suspension. Tao et al., whose synthesis
of MCM-41 was used, reported particle sizes of around 500-900 nm.* Sizes for nanoparticles
of MCM-41 range around 380 to 1000 nm and are less homogenous consequently.

Nevertheless, they are in an expected size range.

The specific surface area of MCM-41 particles was determined with nitrogen sorption using the
method of Brunauer-Emmett-Teller (BET). Nitrogen isotherms of adsorption (red) and

desorption (blue) for MCM-41 are presented in Figure 14.
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Figure 14: Adsorption and desorption isotherms of nitrogen at 77 K for MCM-41

Present adsorption and desorption isotherms correspond to isotherms type 1V(a) according to
IUPAC.® Type IV/(a) corresponds to mesoporous materials and is divided into three sections.®®
The adsorption isotherm in the first section, at low pressure, increases nearly linear. With
increasing pressure nitrogen constantly layers on surfaces of pore walls where each adsorbed
molecule is in contact with the material, a monolayer builds up.%® When every free place on the
surface is filled, it comes to multilayer adsorption, where further molecules adsorb on the
already existing monolayer.®® The sudden rise of the isotherm marks the start of capillary
condensation. Van der Waals forces in mesopores are high enough to condense the gas below
its saturation vapour pressure.®® The first section starts when pores are filled and the outer
surface of each particle gets multi-layered, resulting in a plateau.%® By comparing section 1 and
3, both linear, section 3 occurs at much higher pressures and is more extended with a smaller
slope. In comparison, the range of section 1 is smaller with additionally a bigger slope. That
means the mesoporous surface of present MSN is higher than the outer surface. During
desorption, due to capillary condensation, forces for liquid-like gas are higher and desorption
happens time-displaced, leading to a hysteresis loop.®® For pores smaller than around 4 nm,
adsorption and desorption are reversible and overlapping each other.® It is noticeable that there
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is no hysteresis loop in the present BET isotherms. Filling and releasing of gas from the pores
takes place at equal relative pressures. This seems to be typical for MCM-41 particles with
small pores. Schmidt et al. have reported that when the pore size increases above 4 nm the
hysteresis takes place, while below 4 nm has not been detected.®® T-plot method revealed that
no micropores are present in the MCM-41 and despite the small pore diameter, it is a
mesoporous material. The multi-point BET analysis uses measured data between 0.05 and 0.3
p/po, providing a specific surface area of 1024 m2/g. The density functional theory (DFT)
method uncovered an average pore diameter of about 2.8 nm (see Figure A 15). Barrett, Joyner,
and Halenda (BJH) method led to 3.1 nm but gets more inaccurate for smaller mesopores. Both
values are in a typical ranges for MCM-41 compared to literature.®>%%° To check the
reproducibility of the isotherms, the measurement was repeated with another probe of MCM-
41. As the pore diameter is smaller than 4 nm in both cases, the theory regarding the absence

of hysteresis loop can be confirmed.

Comparing the properties of the MCM-41 material to the ones described by Tao et al., it can be
concluded that this material satisfies the requirements for a good mesoporous material and it is
suitable for drug loading. With further small-angle X-ray scattering (SAXS) measurements, the
lattice parameter and wall thickness can be calculated. The result of SAXS can be seen in Figure
15.
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Figure 15: SAXS for MCM-41

Reflexes found in SAXS measurements provide the typical pattern for MCM-41 particles.%%*

It proofs that pores are arranged in well-ordered hexagonal formations. Characteristic results

for MCM-41 are summed up in Table 1.
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Table 1: Physical properties of MCM-41

] . Lattice
[;325;] Wall [t: r|T§:]kness Pore[(rj] |r{a1r]neter Po[g r:]/30/Igl|11me parameter 20 [] hKl
[nm]
2.3582 100
1024 0.96 2.8 0.63 3.76 4.0590 110
46784 200

The lattice parameter of 3.76 nm was calculated from the Miller indices. In relation with pore
diameter, the wall thickness can be obtained by subtracting the pore diameter from lattice
parameter. Obtained values for wall thickness (0.96 nm) and a lattice parameter (3.76 nm)

present typical values for MCM-41 material.” "%

2.6. Immobilised (carboxylato)triorganotin(l\VV) compounds into mesoporous silica
nanoparticles MCM-41 and SBA-15

Nanoparticles for immobilisation were used as prepared, without further functionalisation. The
mesoporous materials were first activated at 150 °C under vacuum to remove any trapped water.
The two compounds [PhaSn(Acfa)] and [BusSn(fen)] were loaded on both MCM-41 and SBA-
15 materials, latter already synthesised by Predarska et al.’® After 48 h of stirring at 80 °C, they
were filtered off and the solid product was washed with toluene and n-pentane resulting in four
drug-loaded MSNs.

To determine content of loaded organotin(lV) compounds into MSNs, EDX was performed.

Results for weight% for Sn can be seen in Table 2.

Table 2: Results from EDX measurements with average values for freedraw and given errors

_ freedraw mapping

w% Sn | Error [%] | w% Sn | Error [%]
MCM-41|[PhsSn(Acfa)] | 16.75 12.49 16.52 5.70
MCM-41|[BusSn(fen)] 11.65 13.97 11.85 6.22
SBA-15|[PhsSn(Acfa)] 17.35 15.66 16.98 5.85
SBA-15|[BusSn(fen)] 7.55 20.74 8.33 10.68

The table shows “freedraw” and “mapping” measurements for loaded MSNs and their accuracy
as error %. Freedraw is understood to mean measurements of free chosen spots. With mapping,
a greater area is measured where particle free spots are included. The homogenous distribution

of Sn all over the nanoparticles could be seen using the mapping tool. Then, freedraw was used
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to check spots in the previous area to confirm the results. As it can be seen, “freedraw” leads to
higher deviations, however, detected w% of Sn are similar to values detected via mapping

measurements.

A useful evaluation of compound-loading is the loading efficiency. EDX measurements only
detected Si and Sn and calculated a total share of each element, given in w% without respecting
other included elements, which are oxygen, hydrogen and carbon. With known molecular
formula from compound and MSN it can be calculated how much share each element would
have onto the whole compound-loaded MSN, resulting in a proportion between Si and Sn. This
theoretical proportion can be compared with the experimental obtained one, allowing a
calculated ratio between Si and Sn. For instance, the Si to Sn ratio for MCM-41|[PhsSn(Acfa)]
amounts only 94.44% of theoretically possible one, meaning only 94.44% of original used
compound could be entrapped into the MSN and therefore, loading efficiency is 94.44%. Based
on loading efficiency, weight% for the whole loaded compound was calculated. Loading

efficiency and weight% of compound are presented in Table 3.

Table 3: Loading efficiency for organotin(lV) compounds and their share in weight% to loaded MSN

MCM- MCM- SBA- SBA-
41][PhsSn(Acfa)] | 41|[BusSn(fen)] | 15|[PhsSn(Acfa)] | 15|[BusSn(fen)]
Loading efficiency [%] 94.44 58.17 89.81 35.73
W% of compound in 35.19 24.59 34,01 17.55
material ' ' ' '

Lower loading for [BusSn(fen)] in respect to [PhaSn(Acfa)] comes apparent from loading
efficiency. Lesser loading of [BusSn(fen)] into MSNs can be explained by the good solubility
of this compound in toluene and therefore, a smaller driving force for its absorption into
mesopores of MSN. Furthermore, washing procedure was carried out with toluene and
n-pentane. Due to solubility, MSN|[BusSn(fen)] was washed only with 20 mL of toluene,
however this process could remove the entrapped compound as well. Nevertheless, 17.55 w%
of compound still provide high loading.14243

It is important that upon immobilisation of the compounds into MSNs the mesoporous materials
keep their structure and no change of particle size or shape occurs. To examine this, for all
loaded MSNs SEM analysis was performed. Resulting SEM images of all compound-loaded

MSNs can be seen in Figure 16.
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Figure 16: SEM images of MCM-41|[PhsSn(Acfa)] (A), MCM-41|[BusSn(fen)] (B), SBA-15|[PhsSn(Acfa)] (C)
and SBA-15|[BusSn(fen)] (D)

From the obtained results, it can be seen that the compound-loading did not cause any damage
of the mesoporous material. The size as well as the spherical shape of MCM-41 particles and

rod-shape of SBA-15 particles could be retained.

The results of SAXS measurements of pure and compound-loaded MSNs are presented in
Figure A 16 in the appendix. Patterns for the materials SBA-15 and MCM-41 are different, due
to reflexes at different angles. Nevertheless, both materials provide same patterns for without
and with compound, therefore hexagonal pore arrangement has not changed. Resulting wall
thickness for SBA-15|[PhsSn(Acfa)] is 5.2 nm. In respect of pure SBA-15 from Predarska et

al. wall thickness, 3.66 nm, increased upon loading, as expected.©
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To investigate how the loading of organotin(1\VV) compound influenced the specific surface area
N2 adsorption and desorption isotherms were measured. For MSNs a multi-point BET analysis
was performed, where the adsorption isotherms are detected to determine the specific surface
area. Additionally for SBA-15|[PhsSn(Acfa)] the pores size and volume of the mesoporous

material was measured.

As expected, Figure 17 shows type IV isotherms with type | hysteresis loop characteristic for

SBA-15 material 108
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Figure 17: Adsorption and desorption isotherms of nitrogen at 77 K for SBA-15|[PhsSn(Acfa)]

Hysteresis loop type | indicates capillary condensation for pore diameters larger than 4 nm.
Present desorption isotherm sinks below adsorption curve indicating that more was desorbed
than adsorbed, resulting from finished outgassing, before experiment was complete. Important
are pore volume and specific surface area. BJH method reveals pore volume of 0.44 cm3/g and
the probe provides a specific surface area (BET) of 158 m2/g. In comparison, values for pure
SBA-15 were 0.72 cm3/g and 517 m2/g respectively. Because [PhsSn(Acfa)] is immobilised in
the pores of SBA-15, it is expected that free pore volume is decreased. Therefore, the BET

measurement confirms successful loading of the compound into SBA-15.
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The specific surface area of SBA-15|[BusSn(fen)] is found to be 336 m2/g, thus larger than for
[PhaSn(Acfa)]. Indeed, less loaded compound results in a less decreased surface area and
confirms lower load extent for SBA-15|[BusSn(fen)]. Specific surface areas of MCM-
41|[PhaSn(Acfa)] and MCM-41|[BusSn(fen)] are 776 m?/g and 887 m?/g respectively. Without
desorption isotherm it is not possible to calculate the pore volume but decreased BET surface

areas suggest successful compound loading as well.

All used characterisation techniques (EDX, BET, SEM and SAXS) confirmed loading of
(carboxylate)triorganotin(IVV) compounds into MSNs with success and without physical

changes of the material.

30



3. Conclusion

Organotin(IVV) compounds are potentially outstanding candidates for cancer therapy as they
provide very high cytotoxicity. Nevertheless, they are associated with many side effects as well
and therefore, up to now they have not been used in clinical therapy. Their limited solubility in
water leads to low bioavailability and the need for high doses to be applied in order to achieve
desired therapeutic effects is necessary. With evidence that inflammation is related to the
development and progression of cancer, anti-inflammatory drugs and antioxidant agents with
similar effects gain interest. Usage of NSAIDs drugs as ligands bonded to metal centers, both
anti-inflammatory drug and cytotoxic active agent can be conjugated in one compound with

dual action in the treatment of cancer cells.

Mesoporous silica nanoparticles provide a promising strategy for drug delivery application.
These nanoparticles with large surface area show high biocompatibility in vivo. Furthermore,
their low-cost synthesis under moderate conditions as well as the highly adjustable properties,
like size and shape, make them good drug delivery vehicles. Loading metal-based drugs into
MSNSs can be beneficial for overcoming problems with drugs’ solubility and in vivo stability

and finally lead to better bioavailability.

Two organotin(lV) carboxylates were successfully synthesised and characterised during this
work. Namely, one triphenyltin(IV) compound, [PhsSn(Acfa)], and one tributyltin(1V)
compound, [BusSn(fen)], with high yields (72-79%).

Prepared (carboxylato)organotin(lVV) compounds, [PhsSn(Acfa)] and [BusSn(fen)], were
immobilised into two mesoporous silica materials, MCM-41 and SBA-15. Tin content in MSNs
was found from 7.55-16.75%, with a loading efficiency of 35.73-94.44%. Upon

immobilisation of organotin(IVV) compounds nanomaterials retained shape and morphology.

The biological activity of these compounds and materials needs to be further investigated with

in vitro cytotoxicity studies on cancer cells.
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4. Experimental part
4.1. Materials and methods

All reactions were performed under nitrogen atmosphere using standard Schlenk technique.
Reagents, except fenoprofen and protected ferulic acid, were commercially available and used
as purchased: triphenyltin(1V) chloride (Alfa Aesar, 95%), trans-ferulic acid (99%), tetraethyl
orthosilicate (Sigma), fenoprofen calcium dihydrate (TRC), tributyltin(IV) chloride (Acros
Organics, 95%), cetyltrimethylammonium bromide (abcr). Triethylamine, tetrahydrofuran and

toluene were used dry.

4.1.1. Characterisation of organotin(I\VV) compounds

Synthesised compounds were characterised with multinuclear NMR Spectroscopy on a Bruker
AVANCE DRX 400 spectrometer and measured in CDCls.Spectra *H (400.131 MHz), 3C
(100.63 MHz) and '°Sn (149.2 MHz) are referenced to tetramethylsilane as internal standard.

HR-ESI mass spectra were recorded with a Bruker Daltonics mass spectrometer.

4.1.2. Characterisation of mesoporous silica nanoparticles

Scanning electron microscopy and energy dispersive X-ray imaging were performed on a
TESCAN VEGA: microscope with an element detector from EDAX Inc. Brunauer-Emmet-
Teller physisorption and probe outgassing (350 °C pure MSN, 130 °C loaded MSN) were
performed on Autosorb iQ/ASiQwin from Quantochrome Instruments. Small Angle X-ray

Scattering was performed on a D8 ADVANCE from Bruker.

4.2. Synthesis of SBA-15

SBA-15 was synthesised from Predarska et al. with literature reported procedure.'® Briefly,
P123 (48.4 g) was dissolved at 35 °C in H.O (360 mL) and HCI (2 M, 1400 mL). Next, TEOS
(102 g) was added dropwise and the reaction mixture was vigorously stirred at 35 °C for 20 h
and for additional 24 h at 80 °C. Upon filtration and drying (14 h at 90 °C), the obtained material
was calcified by heating (1 °C min-1) to 500 °C and holding at this temperature for 24 h.

4.3. Synthesis of MCM-41

MCM-41 was synthesised according to literature.r® First, 11.0 mmol (4 g) CTAB were
dissolved with 960 mL distilled water (dH-O) and 14 mL 2.0 M NaOH. The solution was stirred
for 30 min at 80 °C. Then, 101.2 mmol (21.0 g) TEOS were added dropwise into the reaction

solution, afterwards stirred for 2 h at 80 °C. The product was filtered while still hot and the
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solid was washed with copious amounts of dH20 and ethanol. The resulting precipitate was
dried overnight at 80 °C. To remove the surfactant template from the material, the MCM-41

was calcified at 550 °C for 5 h with a heating rate of 1 °C per minute.
Yield: 2.29 g (75.67%)

Specific surface area (BET): 1024 m3/g

Pore volume (DFT): 0.63 cm?/g

Pore diameter (DFT): 2.8 nm

4.4. Protected ferulic acid

Ferulic acid was protected with an acetyl group following slightly modified literature
procedure.®! 1 g of ferulic acid were dissolved in 15 mL 1M NaOH while stirring. 1 mL of
acetic anhydride was added and the solution was stirred for 2 hours in an ice bath. The product
was isolated using vacuum filtration through a Biichner funnel, washed with ice-cold distilled

water and recrystallized from 15 mL of boiling ethanol to afford the pure product as white solid.

'H NMR (400 MHz, CDCls, ppm): 7.74 (d, 3Jun = 16.0 Hz, 1H, CHuin), 7.14 (td, 2H, CHaromat),
7.07 (d, 3JHH =8.1 HZ, 1H, CHaromat), 6.40 (d, 3\]HH =15.9 HZ, 1H, CHvin), 3.88 (S, 3H, OCH3),
2.33 (s, 3H, OCOCH5)

4.5. Preparation of fenoprofen

Fenoprofen is commercially available as dihydrate calcium salt. To obtain the monocarboxylic
free acid, 2 g of fenoprofen calcium salt were dissolved in 60 mL of 2 M hydrochloric acid.
The solution was stirred overnight at 60 °C. The product was extracted with ethyl acetate and
distilled water. The organic phase was collected and dried on rotational evaporator to obtain the

product as a colourless oil.

IH NMR (400 MHz, CDCls, ppm): 7.37 — 7.28 (m, 2H, CHaroma), 7.31 — 7.22 (m, 1H,
CHaromat), 714— 702 (m, 2H, CHaromat), 702 - 699 (m, 2H, CHaromat), 688 (dd, 3\]HH = 82, 20
Hz, 1H, CHaromat), 3.71 (q, 3Jun = 7.2 Hz, 1H), 1.49 (d, 3Jnn = 7.2 Hz, 3H, CHaiiphat)

4.6. Synthesis of organotin(IVV) compounds
4.6.1. (Ferulato)triphenyltin(1V), [PhsSn(fa)]

0.4 g of triphenyltin(1V) chloride (1.04 mmol) and 0.202 g (1.04 mmol) of ferulic acid were
weighed, consecutively, in Schlenk flask. Dry tetrahydrofuran (30 mL) was added and the
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solution was stirred for 15 min at room temperature. After addition of triethylamine 0.29 mL
(2.08 mmol).) to the reaction mixture, stirring was continued overnight at room temperature.
The formed precipitate of triethylammonium chloride salt was separated by filtration and the
solvent was removed under reduced pressure. Recrystallisation attempts were carried out in
THF in the freezer. Extraction took place in a separator with ethyl acetate/water and

DCM/water, leading to decomposition.

IH NMR (400MHz, CDCls, ppm): 7.80 — 7.74 (m, 6H, CHaromar), 7.64 (d, 3Jnn = 15.8 Hz, 1H,
CHvin), 748 - 742 (m, 9H, CHaromat), 707 - 701 (m, 2H, CHaromat), 689 (d, 3»JHH = 80 HZ, 1H,
CHaromat), 6.41 (d, 3JHH =15.8 HZ, 1H, CHvin), 3.89 (S, 3H, OCH?,)

4.6.2. (4-O-acetylated ferulato)triphenyltin(1V), [PhsSn(Acfa)]

For the preparation of [PhaSn(Acfa)] procedure described in 4.6.1. was used, with 0.245 g (1.04
mmol) of 4-O-acetylated ferulic acid instead of ferulic acid. To obtain a pure product,
DCM/water extraction was carried out. Afterwards, [PhsSn(Acfa)] was obtained by solvent
removal from the organic phase as pale yellow solid. For numeration of H and C atoms see
Figure A 17.

Yield: 0.48 g (79.0%)

IH NMR (400 MHz, CDCls, ppm): 7.81 — 7.74 (m, 6CH, Hb), 7.68 (d, *Jun = 15.9 Hz, 1CH,
H3), 7.52 — 7.41 (m, 9CH, Hc, Hd), 7.11 — 7.07 (m, 2CH, H5, H6), 7.02 (d, *Jun = 8.6 Hz,
1CH, H2), 6.50 (d, 3Jun = 15.9 Hz, 1CH, H2°), 3.83 (s, OCHs, H4"), 2.31 (s, OCOCHs, H6"),

13C{!H} NMR (100 MHz, CDCls, ppm): 173.12 (COO, C1°), 168.78 (OCOCHs, C5°), 151.31
(COAc, C4), 144.94 (CH, C3'), 141.28 (COCHs, C3), 138.36 (3CSn, Ca), 136.9 (6CH, Cb),

133.67 (C, C1), 130.16 (3CH, Cd), 128.93 (6CH, Cc), 123.18 (CH, C2), 121.23 (CH, C5),
118.60 (CH, C2°), 111.20 (CH, C6), 55.86 (OCHs, C4°), 20.64 (OCOCHs, 6°)

1195n{'H} NMR (149 MHz, CDCls, ppm): & -111.53
Elemental analysis: calculated (%) for CsH260sSn: C 61.6, H 4.5; found: 61.38, H 4.41.

HR-ESI-MS (positive mode): m/z [M-Na]": calculated for CsoH2605Sn: 609.0694, found:
609.0685

4.6.3. (Fenoprofenato)triphenyltin(1V), [PhsSn(fen)]

Triphenyltin(1V) chloride 0.4 g (1.04 mmol) and fenoprofen 0.25 g (1.04 mmol) were weighed,

consecutively, in Schlenk flask. Dry toluene (30 mL) was added and the solution was stirred
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for 15 min at 60 °C. After addition of triethylamine 0.29 mL (2.08 mmol) to the reaction
mixture, stirring was continued overnight at 60 °C. The formed precipitate of
triethylammonium chloride salt was separated by filtration and the solvent was removed under
reduced pressure yielding crude product as white sticky solid. All attempts of purification
(recrystallization from toluene and extraction with ethyl acetate/water) could not yield pure
[PhsSn(fen)]. The impurity was identified as [PhaSnCl] starting compound. For numeration of

H and C atoms see Figure A 18.
Yield: 0.38 g (61.93 %)

'H NMR (400 MHz, CDCls, ppm): 7.74 — 7.54 (m, 6CH, Hb), 7.52 — 7.31 (m, 9CH, Hc, Hd),
7.30—7.15 (m, 3CH, H3, H9, H11), 7.09 — 7.03 (m, 2CH, H2, H10), 7.02 — 6.98 (m, 2CH, H8,
H12), 6.85 (dd, *Jun = 8.2, 1.5 Hz, 1CH, H4), 3.82 (9, 3Jun = 7.1 Hz, CH, H2°), 1.49 (d, 3Jun =
7.1 Hz, CHs, H3’), H6 not detectable

13C{*H} NMR (100 MHz, CDCIs, ppm): 157.18 (2CO, C5, C7), 143.06 (C, C1), 136.72
(3CSn, Ca), 135.46 (6CH, Cb), 130.12 (3CH, Cd), 129.67 (2CH, C9, C11), 129.02 (CH, C3),
128.88 (6CH, Cc), 123.08 (CH, C2), 122.48 (CH, C10), 118.71 (2CH, C8, C12), 118.33 (CH,
C6), 117.34 (CH, C4), 45.39 (CH, C2’), 18.97 (CHj3, C3’), C1’ not detectable

11950 {*H} NMR (149 MHz, CDCls, ppm): & —45.40, —107.84
Elemental analysis: calculated (%) for CssH2s03sSn: C 67.03, H 4.77; found: C 64.89, H 4.60

HR-ESI-MS (positive mode): m/z [M-Na]": calculated for CssH2s03Sn: 615.0952, found:
615.0992

4.6.4. (Fenoprofenato)tributyltin(1V), [BusSn(fen)]

For the preparation of [BusSn(fen)] procedure described in 4.6.3 was used, using 0.34 g of
tributyltin(1VV) chloride (1.04 mmol) instead of triphenyltin(I\VV) chloride. The formed
precipitate of triethylammonium chloride salt was separated by filtration and the solvent was
removed under reduced pressure to obtain the product as brown sticky oil. For numeration of

H and C atoms see Figure A 19.
Yield: 0.40 g (72.07 %)

IH NMR (400 MHz, CDCls, ppm): 7.37 — 7.28 (m, 2CH, H9, H11), 7.27 — 7.22 (m, 1CH, H3),
7.12 — 7.05 (m, 2CH, H2, H10), 7.04 — 6.95 (m, 2CH, H8, H12), 6.85 (dd, *Jun = 8.1, 1.6 Hz,
1CH, H4), 3.69 (q, 3Jnn = 7.1 Hz, CH, H2*), 1.55 (p, 3Jnn = 7.7 Hz, 3CH,, Ha), 1.46 (d, 3Jun =
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7.1 Hz, CHs, H3"), 1.29 (q, ®Jun = 7.4 Hz, CHy, Hc), 1.26 — 1.17 (m, CHz, Hb), 0.87 (t, 3Jun =
7.3 Hz, 3CHs, Cd), H6 not detectable

3C{*H} NMR (100 MHz, CDCl3, ppm): 179.44 (COO, C1°), 157.32 (CO, C5), 157.08 (CO,
C7), 144.07 (C, C1), 129.64 (2CH, C9, C11), 129.49 (CH, C3), 123.03 (CH, C2), 122.50 (CH,
C10), 118.71 (2CH, C8, C12), 118.32 (CH, C6), 117.06 (CH, C4), 46.15 (CH, C2), 27.75
(3CHp, Ca), 26.92 (3CH, Cc), 19.05 (CHs, C3°), 16.44 (3CH, Cb), 13.61 (3CHs3, Cd)

19Sn{*H} NMR (149 MHz, CDCls, ppm): & 112.89
Elemental analysis: calculated (%) for C27H4003Sn: C 61.04, H 7.59; found: C 60.51, H 7.55
ESI-MS (positive mode): m/z [M-Na]": calculated for C27H003Sn: 555.1891, found: 555.1890

4.7. Preparation of drug-loaded nanoparticles

The immobilisation of organotin(IVV) compounds into MSNs followed the procedure, similar to
one reported in literature.** The organotin(IV) compounds were suspended or dissolved in
toluene and added to the MSN material previously activated by drying under vacuum at 150 °C
for 16 h. The reaction mixture was stirred at 80 °C for 48 h. The obtained material was isolated
by filtration followed by successive washing with toluene and n-pentane. The obtained drug-

loaded MSNs were dried at room temperature.

MCM-41|[PhsSn(Acfa)]: 100 mg of [PhsSn(Acfa)], 220 mg of MCM-41a; yield: 268.4 mg, BET
surface: 777 m2/g, SAXS (20 in °, Miller indices): 2.3582 (100), 4.059 (110), 4.6784 (200)

MCM-41|[BusSn(fen)]: 100 mg of [BusSn(fen)], 220 mg of MCM-41a; yield: 236.5, BET surface:
887 m2/g, SAXS (20 in °, Miller indices): 2.3687 (100), 4.059 (110), 4.6784 (200)

SBA-15|[PhsSn(Acfa)]: 100 mg of [PhsSn(Acfa)], 200 mg of SBA-15; yield: 264.1 mg, BET surface:
158 m?/g, SAXS (20 in °, Miller indices): 1.0354 (100), 1.7178 (110), 2.0328 (200)

SBA-15|[BusSn(fen)]: 100 mg of [BusSn(fen)], 200 mg of SBA-15; yield: 203.6 mg, BET surface:
336 m2/g, SAXS (20 in °, Miller indices): 1.0459 (100), 1.7493 (110), 2.0328 (200)
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6. Appendix
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Figure A 1: *H NMR of [Ph3Sn(fa)]) before extraction with DCM/water, in CDCl;
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Figure A 2: *H NMR spectrum of Acfa, in CDCls
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Figure A 3: 'H NMR spectrum of [PhsSn(Acfa)], in CDCls
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Figure A 4: 1%Sn NMR of [Ph3Sn(Acfe)], in CDCl3
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Figure A 5: HR-ESI-MS of [PhsSn(Acfe)] in positive mode
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Figure A 6: *H NMR spectrum of [PhsSn(fen)], in CDCls
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Figure A 7: *H NMR spectrum of fen, in CDCls;
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Figure A 8: 'H NMR spectrum of fen with acidic proton, in CDCls
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Figure A 9: 13C NMR spectrum of [PhsSn(fen)], in CDCls
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Figure A 10: °Sn NMR spectrum of [PhsSn(fen)], in CDCl3
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Figure A 11: *"H NMR of [BusSn(fen)], in CDCls
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Figure A 12: ©*C NMR of [BusSn(fen)], in CDCl3
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Figure A 13: 1°Sn NMR of [BusSn(fen)], in CDCl3
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Figure A 14: HR-ESI-MS of [BusSn(fen)] in positive mode
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Figure A 18: Structure of (fenoprofenato)triphenyltin(1V)
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Figure A 19: Structure of (fenoprofenato)tributyltin(1V)

53





