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1 | INTRODUCTION

Cancer remains a pervasive global health challenge, claim-
ing nearly 10 million lives in 2020 and standing as the sec-
ond leading cause of mortality after cardiovascular
diseases. In that year, the most prevalent cancer-related
fatalities encompassed lung (1.80 million deaths), colon
and rectum (935,000 deaths), liver (830,000 deaths), stom-
ach (769,000 deaths), and breast cancer (685,000 deaths).
Alarmingly, cancer prevalence is projected to soar by
approximately 70% in developing countries over the next
decade.' Among these, breast cancer emerges as the
most frequently diagnosed life-threatening cancer in
women, causing around 570,000 deaths in 2015, with over
1.5 million new cases reported annually worldwide.*®

The staggering toll of cancer has galvanized significant
efforts toward discovering new treatments and enhancing
conventional drugs through innovative formulations.

Presently, cancer treatments predominantly rely on
radiotherapy, chemotherapy, and biological therapies.’
Platinum-based metal drugs have long been a mainstay
in chemotherapy, effectively curbing the unchecked pro-
liferation of cancer cells.®>° However, their use is marred
by inherent drawbacks—ranging from toxicity and low
stability in physiological conditions to inadequate tumor-
targeting strategies.>'’

To overcome these challenges, extensive research has
pivoted toward alternative metal-based drugs'®'' and
metallodrug-functionalized systems. These systems aim
to achieve controlled drug loading, targeted delivery, and
selective release to bolster their therapeutic poten-
tial.>'*!* Although the structure of metallodrugs typi-
cally correlates with cytotoxicity, it is established that
their structure undergoes transformation during trans-
portation to cells, leading to alterations in their behavior
akin to prodrugs.'* This scenario has spurred interest in

exhibited the highest activity concerning ICs, relative to material concentration.
The enhanced biological activity of higher functionalized nanosystems suggests
a favorable cell internalization facilitated by the amino acid fragment. Addition-
ally, qualitative DNA binding studies hinted at potential DNA adsorption on the
surface of the metallodrug-functionalized nanomaterials, forming DNA adducts
where a strand of DNA covalently bonds to the metallodrug moiety. This was
deduced from the hypsochromic shift in absorbance of the characteristic t-n*
and n-r* transitions in DNA, which occurred from 1.01 to 0.76 and 1.26-0.19
following drug (MSN-AP-Cap-Ti) interaction.

amino acid, anticancer, cell viability, cytotoxicity, mesoporous silica nanoparticles,

encapsulating these active species for protected delivery
to cancer cells, prompting widespread exploration of vari-
ous nanostructured systems in both in vitro and in vivo
anticancer chemotherapy.>'?

Amino acids and their derivatives have demonstrated
massive importance in the search for new chemotherapeu-
tic agents. For instance, captopril has shown promising
results as an anticancer agent in both in vitro and in vivo
investigations, particularly in inhibiting the growth of
human lung tumors.”” Penicillamine has also been found
to increase the therapeutic efficacy of platinum drugs in
oxaliplatin-resistant tumors.’® Additionally, cysteine has
been documented for its cancer-marking and -targeting
ability."” Thus, the notion of incorporating amino acids into
silica-based materials functionalized with cytotoxic titano-
cene fragments emerged as a promising avenue for crafting
novel nanoformulations with therapeutic potential.>'*

In recent years, mesoporous silica nanoparticles have
gained prominence as versatile drug delivery systems and
theranostic probes because of inherent qualities like sta-
bility, tunable porosity, biocompatibility, and facile func-
tionalization with biologically relevant molecules.'®*°
Modified MSNs exhibit favorable attributes for targeted
internalization, stimuli-responsive, prolonged circulation,
and contrast imaging.** For instance, folate-conjugated
MSNs exhibit high efficiency in internalizing into cancer
cells, underscoring the pivotal role of surface chemical
functionality in cellular uptake.*

This study aims to incorporate various amino acids
into silica-based materials functionalized with metallo-
drugs for in vitro antiproliferative studies against breast
cancer cells (MDA-MB-231). Mesoporous silica nanopar-
ticles were chosen for their high surface area, enabling
optimal functionalization with biologically relevant frag-
ments and a small particle size conducive to effective
therapeutic action. Herein, we detail the synthesis and
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characterization of four cytotoxic titanocene-amino acid
functionalized nanostructured materials, assessing their
in vitro antitumor activity through cytotoxicity analysis.

2 | MATERIALS AND METHODS

2.1 | Materials

The reagents used in the preparation of the starting mate-
rial (MSN) were tetraethyl orthosilicate (TEOS, Sigma
Aldrich) and hexadecyltrimethylammonium bromide
(CTAB, Acros Organics) and sodium hydroxide
(Scharlau), which were used as received, without further
purification. The reagents used for the functionalization
reactions, namely, L-cysteine, captopril, L-penicillamine,
and L-methionine, were obtained from Sigma Aldrich.
Also, 2-morpholinoethanesulphonic acid monohydrate
(MES monohydrate), EDAC, N-hydroxysuccinamide
(NHS), and 3-aminopropyltriethoxysilane (AP) were pur-
chased from Sigma Aldrich and used directly without fur-
ther purification.

Additionally, 3-mercaptopropyltriethoxysilane (MP) was
purchased from Fluorochem Ltd. (Derbyshire, UK) and was
well used as received. Titanocene dichloride [Ti(n’-
CsH;),Cl,] was also a Sigma Aldrich product and used as
received. The human breast carcinoma cell line (MDA-MB-
231) and human embryonic kidney cell line (HEK-293T)
were obtained from ATCC. DMEM-GlutaMAX was
obtained from Gibco. DMEM-F12 and penicillin/
streptomycin were obtained from Lonza. Non-essential
amino acids and sodium pyruvate were obtained from
Hyclone. Fetal bovine serum (FBS), phosphate-buffered
saline (PBS), cisplatin dimethylthiazolyl-diphenyl-tetra-
zolium bromide (MTT reagent), fish sperm-deoxyribo-
nucleic acid (FS-DNA), tris buffer, and dimethylsulfoxide
(DMSO) were all Sigma Aldrich products used as
received. Organic solvents employed were distilled from
the appropriate drying agents and degassed before use.

2.2 | Synthetic methods

General remarks on the characterization of the materials,
the DNA binding studies, and the cytotoxicity tests are
given in the Supporting Information.

2.3 | Functionalization of MSN with
different ligands

The synthesis of MSN and functionalization followed a
modified procedure from our previous work.>> For MSN-

Chemistry

AP (1:1 MSN:AP weight ratio), 2 g of MSN underwent
drying at 80°C under vacuum overnight. The dispersion
of MSN in 40 mL of dry toluene involved adding 2.10 mL
(9.03 mmol) of 3-aminopropyltriethoxy silane and stir-
ring the mixture at 110°C for 24 h. The resultant solid
underwent centrifugation, washing with toluene and
diethyl ether, and drying at 75°C.

For MSN-AP-Cys (Scheme 1) and in order to obtain
50% theoretical incorporation of cysteine, 1.16g
(6.03 mmol) of N-(3-dimethylaminopropyl)-N'-ethylcar-
bodiimide hydrochloride (EDAC) was added to a 60-mL
2-morpholinoethane sulfonic acid hydrate (MES) buffer
solution in a glass bottle, followed by the addition of
1.74 g (15.08 mmol) of N-hydroxysuccinimide (NHS). The
reaction was allowed to stir for 5 min at room tempera-
ture. Then, 0.6 g (4.95 mmol) of cysteine was added dur-
ing continuous stirring for another 15 min followed by
the addition of 1.20 g of MSN-AP. The reaction was kept
under vigorous stirring at 50°C for an additional 4 h and
then allowed to cool to room temperature. The resultant
slurry was centrifuged at 3703 g for 10 min. The solid
fraction was washed with Milli-Q water and ethanol and
dried in an oven at 80°C overnight.

The same protocol for the captopril, penicillamine,
and cysteine was followed to prepare MSN-AP-Cap and
MSN-AP-Pen (Scheme 1).

For the synthesis of MSN-AP-Cys-Ti, 200 mg of MSN-
AP-Cys and 6.25mg of [Ti(n’-CsHs),Cl,] (0.025 mmol,
considering that MSN-AP-Cys has 0.402% wt. S, corre-
sponding to a 1:1 ratio Ti:S) were dispersed in 30 mL of
dry toluene and 7.00 pL of triethyl amine (NEts,
0.058 mmol). The mixture was stirred for 24 h at 110°C.
Subsequently, the mixture was centrifuged at 3703 g for
10 min, and the resulting isolated solid was washed with
toluene and ethanol and dried overnight in an oven at
75°C.

Using the same procedure for the synthesis of
MSN-AP-Cap-Ti, the following quantities were used:
200 mg of MSN-AP-Cap, 10.95 mg of [Ti(n>-CsHs),Cl,]
(0.044 mmol), and 12.30 pL. of NEt; (0.088 mmol). In
addition, for the preparation of MSN-AP-Pen-Ti, the
following quantities were used: 200 mg of MSN-AP-
Pen, 7.82mg of [Ti(n-CsHs),Cl,] (0.031 mmol), and
8.65 pL of NEt; (0.062 mmol).

2.4 | Synthesis of [Ti(n’-
CsH.,),{SCH,CH,CH,Si(OEt);}CI]

A solution of [Ti(n>-CsHs),Cl,] (104 mg, 0.418 mmol)
(to obtain a theoretical level of 10% Ti/SiO,) in 30 mL
of dry toluene was prepared in a Schlenk tube
and 106.93 pL of (3-mercaptopropyl) triethoxysilane
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(MP) (0.418 mmol) and 116.60 pL of NEt; (0.836 mmol)
added. The mixture was stirred overnight at 110°C.
The product, [Ti(n’-CsHs),{SCH,CH,CH,Si(OEt);}C]]
(Scheme 2) was isolated by filtration and solvent removed
in vacuo from the filtrate to yield the desired product.

2.5 | Preparation of MSN-AP-Met-Ti
(Met = methionine)

The synthesis of MSN-AP-Met-Ti was carried out follow-
ing a different protocol. This is because methionine does
not possess a thiol (S-H) group in its molecule like the
other amino acids but rather a thione (S-CHj). Therefore,
it is impossible to explore protonolysis in the synthesis of
the final material incorporating methionine. Thus, to
unify the environment of Ti in the final materials,
3-mercaptopropyltriethoxysilane (MP) was used to pro-
vide the Ti-S linkages. [Ti(n’-CsHs),{SCH,CH,CH,Si
(OEt);]Cl] was dissolved in 10 mL of dry toluene and
mixed, under nitrogen atmosphere, with a dispersion of
MSN-AP-Met (200 mg) in 20mL of dry toluene
(Scheme 2). The mixture was allowed to stir for 48 h at

110°C. Subsequently, the mixture was centrifuged
at 3703 g for 10 min, and the resulting isolated solid was
washed with toluene and ethanol and dried overnight in
an oven at 80°C.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of titanocene-
functionalized nanostructured silica-based
materials

Amino acid-functionalized MSNs were prepared by
the reaction of dehydrated MSN with 3-aminopro-
pyltriethoxysilane in toluene and subsequent EDAC cou-
pling reaction with the corresponding amino acid
(cysteine, captopril, penicillamine, or methionine).
Subsequently, the titanocene compound was incorpo-
rated into the materials containing cysteine, captopril, or
penicillamine by reaction through the thiol group
with the Ti-Cl bond of titanocene dichloride to give
MSN-AP-Cys-Ti, MSN-AP-Cap-Ti, and MSN-AP-Pen-Ti
(Scheme 1). On the other hand, the MSN-based system
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containing methionine was grafted with [Ti(n’-
C5H;),{SCH,CH,CH,Si(OEt);}Cl] to give MSN-AP-Met-
Ti (Scheme 2). All the materials were characterized by
different techniques to confirm the incorporation of both
the amino acid fragment as well as the titanium-
containing species.

3.2 | UV-visible measurements

The synthesized materials underwent characterization
using diffused reflectance UV-Vis spectroscopy to ascer-
tain the successful integration of diverse agents into the
MSN matrix. Previous studies have validated the effec-
tiveness of this method in confirming the inclusion of
various ligands or metal complexes within nanostruc-
tured silica.***> As depicted in Figure 1, the DR UV-Vis
spectra of the materials revealed a discernible signal
around 200-207 nm, indicative of the presence of AP
ligands. This observation aligns with findings from simi-
lar materials incorporating analogous ligands, reaffirm-
ing successful integration within the structure.*>**

Dry toluene\ 0~ Cl

(110 °C, 48 h) 0\
-2 EtOH
; o]
si-0, s
| /SI/\/\H)IY\/ N
l._ \
970" okt NH,
$i—0_ OEt
Y
Si—0”
S;i—O\ S

%Tiﬁﬁ (MSN-AP-Met-Ti |

In addition, the incorporation of amino acid was
deduced by the appearance of two bands at approxi-
mately 240 and 290 nm, associated with Ti-aa interac-
tion.”® Interestingly, the spectra of all the materials
showed a shoulder appearing at approximately 390-
410 nm, which could be assigned to ligand-metal charge
transfer absorptions. Ordinarily, this band should be
absent in the spectra of these materials considering that
Ti (IV) is a d° electronic system. Its presence in the spec-
tra of all the metallo-functionalized systems is due to the
transfer of electrons from the electron-rich -S, -O, and Cp
(Cp = n°-CsHs) via the Ti-S, Ti-O, and Ti-Cp interactions
in ligand-metal charge transfer (LMCT).

3.3 | FT-IR studies

The IR spectra of both the initial materials and the func-
tionalized systems exhibit characteristic patterns associ-
ated with silica nanoparticles (Figure S1). The MSN
spectra display a distinctive band at 3438 cm ™', accompa-
nied by another at 804 cm™!, attributed to the vibrations
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FIGURE 1 Diffuse reflectance UV/Vis solid absorption spectra of the functionalized systems.

and deformations of the silanol groups (Si-OH), respec-
tively. Moreover, characteristic signals appear at 1084
and 460 cm ', representing the vibration of Si-O-Si
bonds, alongside a 1643 cm ! band linked to the defor-
mation of adsorbed H,O molecules.

In the spectra of the functionalized materials, addi-
tional bands emerge because of the integration of ligands
and the organometallic complex.>” Notably, N-H vibra-
tions are observable in the range of 2952-2972 cm™ ',
whereas their stretching frequencies are within 1379-
1384 cm ™ '. Additionally, the spectra exhibit weak inten-
sity bands indicative of aliphatic and aromatic C-H
stretching at approximately 2930 cm ™. Bands at around
1600 cm™ ', attributed to the cyclopentadienyl ligands
and amido groups, often overlap with signals from phy-
siosorbed water.”” Moreover, the functionalized
systems manifest a faint signal at roughly 700 cm™',
attributed to Si-C vibrations. These spectroscopic find-
ings align with prior studies examining similar
materials.*® "

3.4 | Powder X-ray diffraction studies

The selected materials underwent characterization via
low-angle powder X-ray diffraction (XRD). The diffracto-
grams exhibited characteristic reflections typical of hex-
agonally ordered mesoporous materials, as illustrated in
Figure S2 for both MSN and its modified forms. Across
the four nanomaterials, distinct patterns emerged at low
20 values, with a prominent peak attributed to the
100 Miller plane. The unmodified MSN exhibited this
peak at 2.23°, whereas its functionalized counterparts—
MSN-AP, MSN-AP-Pen, and MSN-AP-Pen-Ti—showed
variations at 2.46°, 2.41°, and 2.24°, respectively.

A notable observation was the decrease in peak inten-
sities observed from the unmodified MSN to the
titanocene-functionalized materials. Although the overall
pattern persisted post-functionalization, the partial occlu-
sion of the dispersion points within the porous system,
owing to the incorporation of organic and/or organome-
tallic fragments, resulted in a reduction in intensity.
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Importantly, the peak position remained relatively stable
post-functionalization, signifying the successful incorpo-
ration of different ligands into the MSN framework, con-
sistent with prior research findings.***"~*

These systems could be indexed as possessing a hex-
agonal lattice structure, evidenced by specific d-spacing
values: 39.53 A for MSN, 35.85 A for MSN-AP, 36.64 A
for MSN-AP-Pen, and 14.77 A for MSN-AP-Pen-Ti (see
Table 1).

3.5 | X-ray fluorescence studies
The quantification of sulfur, silicon, and titanium was
conducted via X-ray fluorescence analysis (Table 2). Eval-
uation of the sulfur content post-amino acid incorpora-
tion revealed varying percentages across materials.
Specifically, MSN-AP-Cap exhibited a higher % S
wt. (approximately 0.70%) compared with its counter-
parts, MSN-AP-Pen, MSN-AP-Cys, and MSN-AP-Met,
which contained 0.50%, 0.40%, and 0.05% S wt., respec-
tively. This discrepancy in sulfur content suggests that
not all amino acid ligands are covalently attached to the
material.

Further analysis of % wt. S in the materials following
functionalization with the organometallic compound

TABLE 1 XRD data of some MSN materials.

Material hkl 20 (°) i (A) a, (A)
MSN 100 2.23 39.53 45.65
MSN-AP 100 2.46 35.85 41.40
MSN-AP-Pen 100 241 36.64 4231

MSN-AP-Pen-Ti 100 2.24 39.50 45.61

TABLE 2 XRF and TG results.

Material % S* % Ti*
MSN-AP - -
MSN-AP-Cys 0.40 -
MSN-AP-Cap 0.70 -
MSN-AP-Pen 0.50 =
MSN-AP-Met 0.05 -
MSN-AP-Cys-Ti 0.48 145
MSN-AP-Cap-Ti 0.47 2.29
MSN-AP-Pen-Ti 0.32 1.25
MSN-AP-Met-Ti 3.15 3.02

Abbreviations: AA, amino acids; n.a., not analyzed.
#Determined by XRF.
"Determined by TG.
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displayed a substantial decrease, particularly notable in
MSN-AP-Cap-Ti (approximately 0.47%) and MSN-AP-
Pen-Ti (approximately 0.32%). This observation indicates
the possible removal of some amino acid moieties
absorbed in the material during successive washing steps
post-reaction. Consequently, only the sulfur from cova-
lently bound amino acids appears to remain in the nano-
structured systems.

It is important to note that the % S wt. of MSN-AP-
Cys-Ti is surprisingly higher than that of MSN-AP-Cys.
This can be explained by a decrease rather than an
increase in the S:Si ratio of the materials (1:36 vs. 1:33 for
MSN-AP-Cys vs. MSN-AP-Cys-Ti) in comparison with
the other corresponding pairs where the trend is
inverted.

Interestingly, the % S wt. of MSN-AP-Met is signifi-
cantly lower than the other analogs. This is most proba-
bly due to the difference in the molecular structure of the
amino acid moieties as methionine contains a thione
rather than thiol, which is the functional group present
in the other amino acids. This thione group may cause
steric hindrance in the methionine molecule making its
adsorption on the surface of the silica materials difficult,
hence the low % S wt. In addition, the % S wt. in MSN-
AP-Met-Ti is higher (3.15%) than in MSN-AP-Met,
because of the presence of S-containing mercaptopropyl
ligand.

The titanocene functionalization reactions targeted a
theoretical range of 4-5 wt% Ti (Ti/SiO,) for MSN-AP-
Cys, MSN-AP-Cap, MSN-AP-Pen, and 10% Ti (Ti/SiO,)
for MSN-AP-Met-Ti. X-ray fluorescence analysis revealed
the observed wt% Ti for the functionalized materials—
1.45% for MSN-AP-Cys, 2.29% for MSN-AP-Cap, 1.25%
for MSN-AP-Pen, and notably, 3.02% for MSN-AP-Met-Ti
(refer to Table 2).

S:Ti ratio® % AP® % AA®
14.56 -

- 4.57

- 15.57

- 2.70

- 1.05
1:3 = n.a.
1:2 - n.a.
1:2 = n.a.

n.a - n.a
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Remarkably, the highest titanium incorporation
occurred in MSN-AP-Met-Ti, attributable to the use of a
higher theoretical percentage of Ti (Ti/SiO,) in the func-
tionalization process. This heightened functionalization
aligns with previous studies from our group on ordered
mesoporous silica materials, which revealed a maximum
loading of metallocene complexes on MSN at approxi-
mately 2% of metal, despite starting with Ti/SiO, ratios of
up to 5%.>° This limited functionalization was ascribed to
surface saturation and the weak basicity of both chloride
atoms in the titanocene complex and the Si-OH groups
of mesoporous silica.*

Notably, the S:Ti ratio approximated 1:2 across all
titanocene-functionalized systems, indicating the direct
binding of some titanocene moieties to the surface of the
silica materials, in addition to those bound to
S-containing ligands, as depicted in Scheme 1.

3.6 | NMR studies

The *C CP MAS NMR spectra of MSN-AP-Cap-Ti, MSN-
AP-Pen-Ti, and MSN-AP-Met-Ti are shown in Figure 2.

1500000 -

The spectrum of captopril-functionalized material MSN-
AP-Cap-Ti shows clearly defined peaks at —1.78, 8.72,
20.21, 28.80, and 40.90 ppm, which were assigned to the
functional groups, CHjz, CH,-Si, CH,-S, CH,-CH,, and
CH,-N, respectively. In addition, two signals at 58.13
and 172.44 ppm corresponding to the carbon atoms of
the ethoxide (CH;-CH,-O-) and carbonyl (C=0) groups,
respectively, were observed. Two sets of signals appeared
at 127.25 and 141.86 ppm and were assigned to the car-
bon atoms of the cyclopentadienyl ring.

Similarly, the '>*C CP MAS NMR spectrum of MSN-
AP-Pen-Ti showed six signals between 0 and 50 ppm
attributed to the aliphatic carbon atoms of the
aminopropyl-captopril chain. Furthermore, low-intensity
signals between 128 and 143 ppm were assigned to the
cyclopentadienyl moiety present in the material. The sig-
nals of the C atoms corresponding to the ethoxide and
carbonyl groups were observed at 61.43 and 175.67 ppm,
respectively. The *C CP MAS NMR spectrum of MSN-
AP-Met-Ti showed somewhat similar chemical shifts
with a set of broad bands between 0 and 50 ppm assigned
to the aliphatic carbon atoms of the aminopropyl-
methionine and mercaptopropyl moieties. In addition,
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FIGURE 2 '3C CP MAS NMR spectra of MSN-AP-Cap-Ti (a), MSN-AP-Pen-Ti (b), and MSN-AP-Met-Ti (c).
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two signals of medium intensity at approximately 56 and
116 ppm correspond to the carbon atoms of the pendant
ethoxide group and cyclopentadienyl ring, respectively,
whereas the low-intensity signal at approximately
172 ppm is attributed to the carbon atom of the carbonyl
group. The results herein are in line with earlier findings
by our group for similar kinds of silica-based nanostruc-
tured materials functionalized with metallodrugs.*>*'
Additionally, *”/#*Ti NMR spectroscopy was used to
determine the chemical environment around the Ti cen-
tre.**3* Although a potential correlation of the *”/*°Ti
MAS NMR resonances with the groups attached to the
metal center in titanium (IV) precursors may be
possible,** the two titanium isotopes present resonances
only separated 22 Hz; with relatively strong quadrupole
moments caused by the electric field gradients created by
the electronic load within the different Ti distorted bonds
and angles in both titanium environments for each poly-
morph observing only the “central transition” (41/2----
1/2) when the titanium nucleus is not in a symmetrical
surrounding. This induces titanium atoms to experience
a strong gradient field, which difficulted the interpreta-
tion of the signals. Thus, the *”/**Ti CP MAS NMR spec-
tra of MSN-AP-Cap-Ti, MSN-AP-Pen-Ti, and
MSN-AP-Met-Ti presented in Figure 3 showed very broad

2000000
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signals with different intensities, confirming the incorpo-
ration of titanium in the material and revealing some dif-
ferences in the metal environment in each case as
expected because of the potential different interactions of
titanium with the different studied amino acids, the silica
surface, and the thiolate ligand in the case of MSN-AP-
Met-Ti.

3.7 | Electronic microscopy studies

The characterization of the materials also involved TEM
analysis, with morphology and nanoparticle size assessed
using the ImageJ® program.’®> The TEM examination
(Figures 4a and b) depicted the materials as quasi-
spherical in morphology, exhibiting a hexagonally
ordered pore distribution. The TEM images clearly show-
cased the internal pore distribution and parallel channels
traversing the entire mesoporous particle.

Analysis using Image] revealed that the original
MSNs measured 144 + 4 nm in particle size, whereas the
final materials, such as MSN-AP-Cys-Ti, measured
142 + 2 nm. These results suggest that the structural fea-
tures and parameters of the nanoparticles remained
largely unaffected by the functionalization processes.

8000000 —
(a) (b)
1500000 6000000
© 1000000 — m 4000000 -
= =1
500000 2000000
0 0
4000 2000 0 -2000 -4000 4000 2000 [0] -2000 -4000
ppm ppm
4000000 (
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FIGURE 3 “/%Ti NMR spectra of MSN-AP-Cap-Ti (a), MSN-AP-Pen-Ti (b), and MSN-AP-Met-Ti (c).
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FIGURE 4 TEM images of MSN (a) and MSN-AP-Cys-Ti (b) with their corresponding histograms.

This consistency aligns with earlier findings from our
group.”

The material with a high content of Ti (MSN-AP-Cap-
Ti) was also analyzed by STEM (Figure 5), in order to
observe the different elements in the functionalized sil-
ica. The STEM images of MSN-AP-Cap-Ti show that the
organic fragments (AP ligand and captopril) and the tita-
nium complex in the silica are homogeneously distrib-
uted throughout the nanomaterial.

3.8 | Thermogravimetric studies

The quantification of the AP and amino acid ligands was
conducted through thermoanalyses, observing weight
loss between 125 and 650°C (Figure S3), which demon-
strated the thermal stability of these nanostructured sys-
tems. The incorporation of AP resulted in a 14.56% wt.,
whereas cysteine, captopril, penicillamine, and methio-
nine showed % wt. values of 4.57%, 15.57%, 2.70%, and
1.05%, respectively (Table 2). These findings align with
X-ray fluorescence studies indicating a higher captopril

integration into the silica material compared with other
amino acids. This trend is consistent with similar ligands,
such as mercaptopropyl-based systems loaded into silica-
based nanostructured materials.*!

3.9 | Qualitative DNA interaction studies
The mechanism of action of titanocene derivatives has
established DNA as one of their potential biological tar-
gets.*® Accordingly, to model the behavior of these sys-
tems with DNA, absorption spectra were recorded for
free DNA and the material MSN-AP-Cap-Ti at various
interaction times. This experimental setup aimed to sim-
ulate and analyze the interaction dynamics between the
material and DNA.

Figure 6 shows that the absorbance of DNA decreased
significantly on interaction with the studied metallodrug
nanosystem. Additionally, a very slight blue shift of the
peaks (hypsochromic effect) indicates adsorption of DNA
on the surface of the particles forming DNA adducts, a
phenomenon previously reported.’”*® In addition,
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FIGURE 5
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Bright field (BF), high-angle annular dark-field (HAADF) Scanning Transmission Electron Microscopy (STEM) image of

MSN-AP-Cap-Ti and mapping of C (cyan), Ti (blue), Si (red), and O (green), as labeled in the different micrographs.
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FIGURE 6 DNA binding study of MSN-AP-Cap-Ti.

electrostatic interactions between MSN-AP-Cap-Ti and
DNA are proposed to be responsible for the adsorption of
DNA, so this could be one of the main targets, thus pro-
ducing cell apoptosis.

3.10 | Cytotoxicity tests

The cytotoxic ability of the silica-based materials, MSN-
AP-Cys-Ti, MSN-AP-Cap-Ti, MSN-AP-Pen-Ti, and MSN-
AP-Met-Ti, was determined by an MTT study in the
breast cancer cell line MDA-MB-231, comparing the cyto-
toxicity with the healthy cell line Hek-293T. The percent-
age viability of the materials in both cell lines is
presented in Figures 7 and 8.

For the breast cancer cell line (MDA-MB-231), cell
viability dependence on the concentration of the mate-
rials can be clearly observed, with the materials with cys-
teine (MSN-AP-Cys-Ti) and captopril (MSN-AP-Cap-Ti)
being the most active in terms of ICs, with respect to the
concentration of the material (Table 3, left column for
each cell line). However, when these concentrations are
recalculated in terms of titanium loading (cytotoxic
agent), a similar activity was observed amongst the mate-
rials MSN-AP-Cys-Ti, MSN-AP-Cap-Ti, and MSN-AP-
Pen-Ti (Table 3, right column for each cell line).

Interestingly, MSN-AP-Met-Ti has the highest ICs,
having the highest titanium content (3.09%) but the low-
est content of amino acid (see Table 2), which is known
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293T cells after incubation with the materials.
The results are expressed as % of retained
viability in comparison with the negative
control (mean + SD, 3 replicates, p < 0.05).

MSN-AP-Cys-Ti

MSN-AP-Cap-Ti
MSN-AP-Pen-Ti
MSN-AP-Met-Ti

TABLE 3 Cytotoxic activity with standard deviation and its reference as a function of metal content [M].
MDA-MB-231 Hek293T
Material ICs (pg/mL) ICso [M] (pg/mL) ICso (ng/mL) ICs [M] (pg/mL)
MSN-AP-Cys-Ti 618.37 + 72.25 8.97 + 1.65 203.55 + 72.27 2.95 + 1.05
MSN-AP-Cap-Ti 521.69 + 62.90 11.95 + 1.44 258.57 + 60.31 5.92 +1.38
MSN-AP-Pen-Ti 1004.80 + 67.72 12.56 + 1.55 145.38 + 64.53 1.82 +0.81
MSN-AP-Met-Ti 1335.42 + 70.36 40.33 + 1.61 203.55 + 73.17 6.15 + 2.21

that could be important in the cell internalization process.
Therefore, for this material, it seems that the titanium
amount is crucial for enhancing the cytotoxic activity
compared with the other systems. Therefore, from the
results in the MDA-MB-231 cell line, in materials with
cysteine, captopril, and penicillamine MSN-AP-Cys-Ti,
MSN-AP-Cap-Ti, and MSN-AP-Pen-Ti, titanium activity is
linked to incorporation through the amino acid, creating
a synergy that enhances cell internalization and therefore
the cytotoxic activity of these functionalized nanosystems,
although the amino acid quantity does not seem to have a
critical role in MSN-AP-Met-Ti that has incorporated tita-
nium centers through the interaction with the mercapto-
propyl ligand rather than with the methionine.

Analyzing the cell viability in the Hek-293T line, the
materials functionalized with titanium through
the amino acid are only slightly more active than MSN-
AP-Met-Ti. It is important to note that higher cytotoxicity
was observed for the materials for the healthy cell line
Hek-293T with ICs, values being lower than those
recorded for cancer cells.

In summary, considering the good stability of the sys-
tems in solution, which do not release metal-containing
species as confirmed by the absence of signals of titanium
species in the DNA-binding studies, which validate the
action of these materials as non-classical drug-delivery
systems,* these results confirm the stability of the mate-
rials as well as their selectivity, which is why it has great
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potential to carry out future in vivo trials and could be a
great step for new treatments based on chemotherapy.*’

4 | CONCLUSIONS

Four novel metallodrug functionalized nanostructured
materials incorporating four different amino acids, MSN-
AP-Cys-Ti, MSN-AP-Cap-Ti, MSN-AP-Pen-Ti, and MSN-
AP-Met-Ti, have been prepared and characterized. It was
observed that the incorporation of the amino acids and
titanocene dichloride took place mainly inside the pores
of the MSN-based systems, with MSN-AP-Met-Ti showing
the highest amount of titanium when compared with the
other materials. This may be ascribed to the fact that
MSN-AP-Met-Ti was prepared following a different syn-
thetic procedure, namely, incorporating first the amino
acid to the silica through the AP ligand followed by func-
tionalization with the titanocene covalently bound to the
MP ligand. In addition, qualitative DNA binding studies
carried out on MSN-AP-Cap-Ti indicated the possible for-
mation of DNA adducts via adsorption of the DNA on the
surface of the metallodrug functionalized nanomaterials.
The cytotoxicity of the materials was evaluated by an
MTT study in the breast cancer cell line MDA-MB-231
and compared with the healthy cell line Hek-293T. The
materials with cysteine, captopril, and penicillamine
were observed to be the most active in terms of IC5, with
respect to the concentration of the functionalized mate-
rial or titanium loading. Interestingly, these materials,
MSN-AP-Cys-Ti, MSN-AP-Cap-Ti, and MSN-AP-Pen-Ti,
have a higher amino acid incorporation than MSN-AP-
Met-Ti. This may infer that titanium activity is linked to
incorporation through the amino acid, creating a synergy
that enhances cell internalization and therefore the cyto-
toxic activity of these functionalized nanosystems.
Considering that MDA-MB-231 is a highly aggressive
breast cancer cell line,* the cytotoxicity demonstrated by
these new functionalized materials reported here makes
them a promising starting point in developing and opti-
mizing the selectivity of therapeutic nanosystems functio-
nalized with both amino acids and different kinds of
titanocene compounds for the search of alternative thera-
peutic agents based on metals different than platinum.
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