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Abstract: Background/Objectives: The isatin nucleus is a privileged scaffold in drug
discovery, particularly due to its proven relevance in anticancer research. Developing
reusable heterogeneous 3D catalysts for drug synthesis represents a critical challenge in
both industrial and academic contexts. This multi and interdisciplinary work aimed to
design and synthesize a novel 3D-printed silica-based porous catalyst functionalized with
palladium, evaluate its catalytic performance in isatin drug synthesis, and assess the an-
tiproliferative activity of the resulting compounds against tumor cell lines such as HeLa,
MCEF-7, and MDA-MB231. Methods: The novel multifaceted approach to synthesizing
this heterogeneous catalyst involved the surface growth of a metal-organic framework
(ZIF-8) on 3D-printed silica support, followed by potassium silicate coating and pyroly-
sis. Results: After detailed physicochemical characterization, the catalyst was tested in
challenging “double” palladium-catalyzed cross-coupling reactions (Suzuki, Stille, and
Heck), demonstrating robustness, reusability, and high efficiency in producing bis-1,5-aryl,
alkynyl, and alkenyl-isatin derivatives. Importantly, no leaching of palladium species
was detected during the catalytic cycles, further underscoring the stability of the system.
These isatin-based compounds exhibited remarkable cytotoxicity, with selective molecules
achieving nanomolar potency against MCF-7 cells, surpassing reference drugs such as
doxorubicin and sunitinib. Conclusions: This study not only introduces a novel strategy
for fabricating porous heterogeneous catalysts from sintered surfaces but also highlights
new biomolecules with promising applications in cancer research.

Keywords: heterogeneous catalysis; monolithic catalysts; 3D printing; isatins; HeLa;
MCE-7; MDA-MD231; antiproliferative; ZIF-8

1. Introduction

The efficient and sustainable synthesis of biomolecules plays a crucial role in cancer
research, where the development of innovative therapies relies on a steady and reliable
supply of bioactive compounds. The growing demand for specific molecules to combat
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tumoral cells and tissues highlights in many cases the need for rapid, selective, and repro-
ducible catalytic processes. In this context, heterogeneous catalysts stand out as versatile
and sustainable tools, offering the advantage of reusability without significant loss of activ-
ity, thereby reducing costs and minimizing environmental impact. These advancements
not only accelerate the discovery of new therapeutic strategies and compounds but also
promote more accessible and responsible research in the fight against cancer.

The development of new compounds targeting cancer cells focuses on achieving
high selectivity for malignant cells while also aiming for broader applicability across
multiple cell lines. Initial verification of this selectivity and efficacy is carried out in vitro
through drug screening processes, often with HeLa, MCF-7, and MDA-MB-231 cell lines
serving as key models in oncology research. HelLa, a cervical cancer model, is valuable for
targeting metabolic pathways like glycolysis [1]. MCF-7, an estrogenic receptor-positive
(ER+) breast cancer line, provides insights into hormone-sensitive therapies [2], while
MDA-MB-231, a triple-negative breast cancer model, is crucial for addressing aggressive
and drug-resistant tumors [3]. Finding drugs specific to each tumor cell line enables the
development of personalized treatments, enhancing clinical efficacy by targeting the unique
characteristics of each patient. Additionally, studying resistant lines like MDA-MB-231
provides valuable insights into overcoming therapeutic resistance [4,5]. Finally, specific
drugs minimize side effects by reducing toxicity to healthy tissues.

In the field of cancer research, the isatin (1H-indol-2,3-dione) core has garnered consid-
erable interest over the last two decades as a notable potential therapeutic framework [6].
Chart 1 highlights some of the key isatin compounds discovered in recent cancer re-
search [7-10]. Semaxanib (SU5416) 1, a selective VEGFR inhibitor, exhibits antiproliferative
effects on HeLa cells with an ICsp of 20 uM after a 4-day proliferation assay [11]. This
molecule has been widely studied for its ability to block VEGFR signaling and its potential
antiangiogenic effects in various cellular models. Sunitinib 2 was approved by the FDA
in 2006 for the treatment of advanced renal cell carcinoma and gastrointestinal stromal
tumors. Its effects on the HeLa cell line were also studied, showing increased apoptosis,
reduced mitotic index, and a slower cellular proliferation rate when treated with 5 uM of
the drug for 72 h [12].
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Chart 1. Some of the main isatin-based biomolecules active in different tumor cell lines.

In recent years, new prototypes derived from the N-benzyl-isatin structure have
emerged. In 2016, Eldehna et al. reported the potent cytotoxic of biphenylurea derivatives
containing indolin-2-one moieties like 3, showing activity against breast cancer MCF-7 cells
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(ICs50 = 4.6 uM). This kind of compound was found to be more active than the reference
antineoplastic drug doxorubicin (ICsy = 7.3 uM) [13]. In addition, the in vitro anticancer
evaluation of type 4 isatin hydrazones was conducted on three cancer cell lines: HeLa,
MCF-7, and HuH-7 (liver carcinoma, ICsy = 3 uM). However, none of the compounds in this
series displayed noteworthy cytotoxic effects on HeLa or MCF-7 cells, indicating that these
molecules may lack efficacy against these types of cancer [14]. The hydrazone derivative
compound 5, on the other hand, demonstrated antiproliferative activity against HelLa
cells (IC5yp = 4 uM) that was twice as effective as the reference tyrosine kinase inhibitor
gefitinib [15]. Compound 6, a derivative of 5-(2-carboxyethenyl)isatin, has previously
been identified as a highly potent anticancer agent by Chang et al. [16]. These authors
further investigated its impact on angiogenesis. Remarkably, 6 demonstrated selective
cytotoxicity toward HepG-2 liver hepatocellular carcinoma cells, with an ICsg of 30 nM.
Additionally, 6 strongly promoted apoptosis, induced G2/M phase cell cycle arrest, and
suppressed the migration of HepG-2 cells. These findings indicate that 6 holds promise
as an inhibitor of tumor angiogenesis by disrupting the autophosphorylation of AKT,
mTOR, and ERK [16]. This compound was also shown to have significant cytotoxic activity
with, an ICsg value of 30 nM against human T lymphocyte Jurkat cells [17]. Compound 7,
containing a bromine atom in the para position of the benzene ring, demonstrated similar
therapeutic activity in HepG-2 liver hepatocellular carcinoma cells with IC5¢ = 40 nM [18].
However, its activity in HeLa, MCF-7, or MDA-MB-231 cells was not reported. Collectively,
these active drug prototypes and their bioactivities in various tumoral cell lines show a
preference for substitution at the 5-position, with benzyl groups on the nitrogen of the
oxindole ring. Based on these findings, which highlight the significance of this heterocycle
in the antiproliferative activity, we began our own investigation. In 2023, we reported
molecule 8, a bis-(2-carboxyethenyl)isatin containing 2-carboxyethenyl groups at the benzyl
and 5-position of the isatin ring [19]. This exhibited significant anticancer activity in HeLa
cells ICsp = 1 pM)—nine times more potent than 6, with minimal cytotoxicity in normal
murine Balb-3T3 cells (IC5p > 10 pM). However, methyl esters are prone to enzymatic
hydrolysis by esterases in the plasma, gastrointestinal tract, and liver, reducing their
metabolic stability, especially when administered orally. To improve stability, they can be
replaced with more robust functional groups. Then, these results underline the need for
new prototypes to explore structure-activity relationships.

Pharmacomodulation of prototype 8 is desirable by altering the structure at the
5-position of the isatin ring and the para-position of the benzyl ring to optimize the steric
and electronic properties that may influence the pharmacological activity in these series,
aiming to enhance therapeutic potency in HeLa and other cell lines.

Constructing new drug candidate prototypes like 6, 7, and 8, represented in Chart 1,
requires palladium catalytic processes. Palladium-catalyzed cross-coupling reactions (PC-
CCRs) serve as a fundamental approach in C—C bond formation [20-25], yet the cost of
palladium makes its fixation on stable, robust supports highly desirable for cost savings [26].

In this sense, the development of robust and efficient heterogeneous monolithic cata-
lysts is essential for industrial and pharmaceutical applications [27-33]. Monolithic cata-
lysts provide significant advantages, including ease of separation during the work up and
recycling, both of which are crucial for sustainable and cost-effective manufacturing.

Within the pharmaceutical industry, the stability of metal catalysts on solid supports
is paramount. Monolithic catalysts functionalized with metal species must be designed
to prevent leaching—unwanted metal dissolution into the reaction mixture—which can
compromise the purity of pharmaceutical products with metal residues [34]. This is
particularly critical when synthesizing sensitive compounds like pharmaceuticals, where
even trace metal contamination can affect drug efficacy and safety. Ensuring that metal
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species are firmly anchored on the monolith surface is thus essential to maintaining catalyst
performance and product integrity.

Traditional monolithic catalysts face challenges related to limited porosity, which can
restrict catalytic performance and capacity. There are some examples of 3D-printed mono-
lithic heterogeneous catalysts applied to palladium-catalyzed coupling reactions [35-37].
However, in some cases, the materials used are not economically viable at an industrial
level (e.g., carbon nanotubes) [36]. Recently, Bulatov et al. reported a 3D-printed monolith
prepared via Selective Laser Sintering (SLS) using polypropylene as the base material and
palladium nanoparticles on silica. However, the formation of soluble species during the
reaction could also result in leaching and hinder catalyst recovery. Furthermore, reliance
on SLS technology may limit the scalability and accessibility to industrialize the production
process [37]. In other cases, reliance on advanced technologies such as light-assisted 3D
printing and Atomic Layer Deposition (ALD) requires specialized and expensive reagents
and equipment [35]. For ceramics, manufacturing these devices via robocasting often
requires sintering, which excessively compacts the material [38]. In particular, the final
sintering process reduces porosity—especially macro- and mesoporosity—which may limit
catalytic activity, regardless of the degree of ceramic surface functionalization with the
metal. Recently, Wang et al. reported a method of preparing a Pd/C catalytic reactor using
coaxial 3D printing that combines multimaterial 3D printing, integrated molding, and
complex biomimetic structure fabrication [39]. However, this intriguing method required
the use of specialized coaxial 3D printers. Some of our previous works with monolithic
catalysts involved silica-based materials also synthesized through 3D printing via robocast-
ing and sintering processes [40-42]. This step was followed by surface functionalization to
bind metal species, either through silanization and coordination with metal species [40]
or via direct impregnation of the ceramic surface using strong electrostatic adsorption
(SEA) [41]. Another alternative is custom fabrication of palladium/ceramic cermets [42],
in which the metal component is uniformly distributed within and across the material’s
surface, although sintering similarly reduces external porosity. While these methods laid a
strong foundation, they yielded monoliths with limited porosity due to restrictions in the
silanization step, which constrained the surface area available for catalytic reactions and
reduced catalyst efficiency.

Recent advances have highlighted the potential of Metal-Organic Frameworks (MOFs)
as precursors or templates for fabricating nanostructured catalysts [43-45]. ZIF-8 (Zeolitic
Imidazolate Framework-8), a well-studied MOF with a Zn-based structure, has attracted
attention for its high surface area and uniform pore distribution [46-48]. However, the
inherent instability of MOFs under certain catalytic conditions, particularly under thermal
or solvent exposure, limits their direct application in heterogeneous catalysis [49-52]. To
address these limitations, some strategies that combine MOFs with ceramic supports
followed by post-synthetic modifications, like hydrothermal treatment or the double-
solvent strategy, have been explored [53-55]. However, these methods have not been tested
on processed sintered silica.

Alkali silicates, such as sodium silicate (NaySiO3) and potassium silicate (K;5iO3),
are key cementing agents in ceramics due to their ability to bond particles by forming
chemically stable three-dimensional structures. They also provide hydrophobic properties,
protecting ceramics from moisture. Sodium silicate is more common and cost-effective,
whereas potassium silicate offers greater water resistance and chemical stability. These
compounds are widely used in refractories, coatings, and advanced ceramic compositions,
enhancing thermal and chemical durability under extreme conditions. Potassium silicate
can behave as an effective inorganic binder in ceramic/MOF composites because, upon
mixing and thermal treatment, it melts and consolidates the structure, promoting adhesion
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between the MOF and ceramic [56,57]. During pyrolysis, the silicate may form a SiO, matrix
that stabilizes the system and removes MOF carbon content without fully compromising
its porous structure. This treatment can potentially yield a robust, chemically resistant
composite that retains part of the MOF’s original porosity, a valuable feature for catalytic
or adsorption applications where access to active sites is essential.

In this study, a novel approach for fabricating a nanoporous monolithic catalyst is
firstly presented. The heterogeneous catalyst was obtained by functionalizing a sintered
silica monolith through a multi-step process that includes impregnation with zinc nitrate,
hetero-growth of ZIF-8 on the monolith surface via a layer-by-layer method, introduction
of palladium species to generate Pd(0) species within the nanostructured framework, and a
final consolidation layer of potassium silicate as cement, followed by pyrolysis. Secondly,
we present the synthesis of diversely substituted isatins prepared via Heck, Suzuki, and
Stille reactions, evaluating the catalytic activity and reusability of the monolithic catalyst.
Finally, we report the antiproliferative activity and preliminary structure—-activity relation-
ships of the isatins synthesized in these series in HeLa, MCF-7, and MDA-MB-231 cells
used as model tumoral cell lines.

2. Materials and Methods

Kimble® vials in a PLS (6 A~4) organic synthesizer (Activotec Ltd., Cambridge, UK)
were used to perform the surface MOF-growing, metalation, impregnation with potassium
silicate, and catalytic evaluation of the SiO,-monoliths. All reagents and solvents were
purchased from Sigma Aldrich (St. Louis, MO, USA), including Amberlyst-15, potassium
silicate anhydrous, 5-iodo-isatin, and palladium acetate, alkenes, organostannanes, and
boronic acids.

2.1. Synthesis of the Monolithic 3D-5i0,@Zn/Pd@K,SiO3 Catalyst
2.1.1. 3D-Printed SiO, Monolith Support Fabrication

The SiO; colloidal ink was prepared as previously reported [40] by mixing 50 g of SiO;
powder (average particle size 6.3 pm), 12.08 g of poly(vinyl butyral-co-vinyl alcohol-co-vinyl
acetate) (80% vinyl butyral), and 3.99 g of polyethylene glycol (Mw = 600) with 32.55 mL of
2-propanol (>99.5%). This mixture was homogenized using a planetary centrifugal mixer
(ARE-250, Thinky Corp., Tokyo, Japan) at 2000 rpm for 5 cycles of 2 min each. The ink was
loaded into a 3 mL syringe (Nordson EFD) fitted with a 410 pm cylindrical nozzle.

Extrusion was performed using an air-pressure system (Performus VII with HP7x)
attached to a robotic deposition apparatus (model A3200, Aerotech Inc., Pittsburgh, PA,
USA). The printed structures were designed as cylinders with a 10 mm diameter and
40 layers, featuring a body-centered tetragonal (bct) symmetry, rod diameters of 410 um,
and 1 mm spacing between rods. After fabrication, the samples were dried and subjected
to debinding at 400 °C for 1 h (2 °C/min heating rate) followed by sintering at 1500 °C for
3 h (5 °C/min heating rate).

2.1.2. Surface Activation and Impregnation

Surface Activation: A sintered SiO, monolith (1 cm tall and 0.8 cm in diameter) was
immersed in 3 mL of a 30% H,O, solution and heated under reflux at 150 °C for 30 min.
Subsequently, the monolith was taken out of the flask and subjected to a washing step
with distilled water at 100 °C for 30 min. Finally, it was vacuum-dried for 1 h. The surface
impregnation with zinc species was performed by submerging the previously activated
monolith in a Kimble® vial containing a zinc nitrate aqueous solution (0.03 M) and heating
it at 90 °C for 48 h. The monolith was then removed from the vial, washed with distilled
water, vacuum-dried for 2 h, and subsequently placed in an oven at 100 °C for 12 h.
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2.1.3. Surface MOF Growth and Metalation

Surface MOF Growth: The Zn-activated monolith was treated with an aqueous so-
lution of 2-methylimidazole (2-IMI) (5 mg in 2 mL of distilled water) at 80 °C, stirring in
PLS for 12 h. The monolith was then washed with distilled water. Subsequently, it was
impregnated again with zinc nitrate (0.03 M, 10 mg in 2 mL of distilled water) for 12 h at
80 °C, then washed again with distilled water. These two steps followed a sequence of
3 cycles of alternating baths of the metal precursor and the organic ligand (12 h each one)
to obtain the ZIF-8 growth. After a final washing step with distilled water and methanol
(MeOH), the monolith was vacuum-dried at room temperature. The obtained monolith
(3D-SiO,@ZIF-8) was analyzed using EDX and SEM before proceeding with the next step.

Metalation: In a Kimble® vial, the 3D-SiO,@ZIF-8 monoliths obtained in the previous
step were treated with a solution of palladium acetate (10 mg) in 4 mL of ethanol (EtOH)
at room temperature with orbital stirring for 24 h under argon to yield 3D-5iO,@ZIF-
8@Pd. The resulting black-colored 3D-5iO,@ZIF-8@Pd monolithic catalyst was washed
sequentially with distilled water, methanol, dichloromethane, diethyl ether, and finally
dried under reduced pressure for 24 h.

2.1.4. Impregnation with Potassium Silicate

The dry monolith, with MOF and palladium species on its surface, was immersed in
an aqueous solution of potassium silicate (30% w/w). The monolith was left undisturbed
at room temperature for 10 min. Then, the monolith was immersed once again, removed
from the solution, and placed at room temperature for 5 min and directly vacuum-dried for
5 h, followed by drying in an oven at 100 °C for 12 h to give 3D-S5i0,@ZIF-8@Pd@K,SiOs.

2.1.5. Pyrolysis

The tubular furnace used was a Nabertherm GmbH model R-252-2AN (Lilienthal,
Germany) with a temperature range of 1100 to 1800 °C. The resulting monolith loaded with
ZIF-8, palladium, and silicate on its surface was treated in the furnace at 400 °C with gradual
heating for 2 h, operating under an argon atmosphere, to give 3D-5i10,@Pd@K,SiOs.

2.2. Techniques and Equipment for Catalyst Characterization

After each chemical treatment of the monolith, it was characterized at every stage
to ensure a properly functionalized substrate at each step, primarily confirmed using
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX).
X-Ray Diffraction (XRD) analysis was conducted using a Bruker D8 Advance diffractometer.
The surface topography and microstructural features of the samples were examined using
scanning electron microscopy (SEM, JEOL 6400, JEOL Corporation, Akishima, Japan) and a
stereomicroscope (Olympus SZX12, Olympus, Tokyo, Japan). The elemental composition
of the sintered samples was analyzed using an energy-dispersive X-ray spectrometer (EDS,
AZTEC/Xact, Oxford, UK). For surface analysis, X-ray Photoelectron Spectroscopy (XPS)
experiments were carried out in ultra-high vacuum multi-chamber multi-technique system
ESCALAB250Xi from Thermo Scientific with a base pressure below 5 x 10~!Y mbar. The
XPS spectra were generated using a monochromated Al Ka source (1486.68 eV, X-ray spot
size on the surface 650 um). The XPS spectra were acquired using the hemispherical
electron energy analyzer at the normal to the surface. Survey and high-resolution spectra
were acquired using a 100 eV and 30 eV pass-energy with an energy step of 1 eV and
100 meV, respectively. The spectra were fitted using the Lorentzian—Gaussian curve shapes
and Shirley-like background. Charge compensation was applied using electron and Ar ion
flood guns. The porosity properties of the samples were measured using mercury intrusion
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porosimetry using an Autopore IV 9500 equipment (Micromeritics, Norcross, GA, USA)
with a 3 mL penetrometer at pressures of 0.07-1724 bar.

2.3. Chemistry

All catalytic reactions were carried out in Kimble® vials using a PLS Organic Synthe-
sizer (4 x 6), Activotec Ltd., Cambridge, UK. The reactions were monitored using TLC on
2.5 mm Merck silica gel GF 254 strips, where the purified products consistently displayed
a single spot. Detection was achieved using UV light and/or iodine vapor. Purification
of the isolated products was performed using flash chromatography. Characterization of
the synthesized compounds was conducted using spectroscopic and analytical techniques.
NMR spectra were recorded using Bruker AM 500 MHz (H) and 125 MHz (13C), as well
as XM500 spectrometers. Chemical shifts (5) were reported relative to tetramethylsilane
as an internal standard, with coupling constants (J) provided in Hertz. Proton and carbon
NMR spectra (*H,'3C) were obtained in CDCl;. Melting points were measured using a
Gallenkamp apparatus and were uncorrected. Mass spectra were recorded using a Varian
MAT-711 mass spectrometer (Varian MAT, Bremen, Germany).

2.3.1. Synthesis of Precursors 10 and 11

Precursor 10 was prepared from 5-iodoisatin 9 following the procedure previously
reported [19]. Compound 11 was synthesized as follows: In a Kimble® vial, 3 mmol of
N-benzyl-isatin 10 were dissolved in an excess of ethylene glycol (6 mL) and 1.5 mmol
of Amberlyst-15 resin (loading: 1.5 mmol/g), and 50 mg of molecular sieves (3 A) were
added. The mixture was heated to 120 °C in the PLS Organic Synthesizer (4 x 6) for 24 h.
Once the reaction was complete, as monitored using TLC, the mixture was vacuum filtered
using a Buchner funnel and washed with ethanol. The filtrate was evaporated to dryness,
and the resulting solid was purified using column chromatography using a 1:7 mixture of
AcOEt/Hexane (1:5) to give a yellowish solid. The yield was 80%.

2.3.2. General Procedure for Double Heck Reactions (Compounds 8, 15, 16, 17, 25, 26, 27)

A solution of 1.5 mmol of the starting material, iodobenzylisatin 10, 6 mmol of triethy-
lamine, and 3.5 mmol of the corresponding alkene (styrene, acrylonitrile, or methyl/ethyl-
acrylates) was prepared in 4 mL of dimethylformamide (DMF). Subsequently, the catalyst
3D-5i0,@Pd@K,SiO3 was added to the mixture, which was stirred at 85 °C under an inert
argon atmosphere. The reaction progress was monitored using thin-layer chromatography
(TLC) until the complete consumption of the starting material. For the TLC analysis, a mix-
ture of AcOEt and hexane was used as the mobile phase. During the reaction (after 3 h),
the monosubstituted product was detected using TLC (the corresponding intermediates
12 and 13 could be isolated, including 14, which did not give the disubstituted isatin),
which, over a longer reaction time (12 h), led to the formation of the disubstituted products
8,15, 16, or 17. Finally, the catalyst was extracted from the vial, washed with EtOH and
diethyl ether, and dried for reuse. The reaction mixture was evaporated to dryness and
the resulting residue was purified using preparative TLC, employing AcOEt/hexane as
the mobile phase. Compounds 25, 26, and 27 were prepared as above, but using 11 as the
starting product. The final disubstituted compounds were obtained via heating at 85 °C
under an inert argon atmosphere for 12 h.

2.3.3. General Procedure for Double Stille Reactions (Synthesis of Compounds 23, 24, 29,
30, 31, and 32)

The compounds were synthesized using the Stille reaction. In a Kimble® vial coated
with a suitable material, iodoisatin (10, for compound 23, 24) or 11 (for the synthesis of 29,
30, 31, 32) (0.5 mmol) and the corresponding organostannane (0.6 mmol) were dissolved in
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5 mL of toluene. The 3D-5i10,@Pd@K,S5iO; catalyst (total Pd content on monolith: 5.2 mg,
3% mol Pd) was then added to the solution. The mixture was heated to 80 °C with orbital
stirring for 12 h until the starting material was fully consumed. Afterwards, the mixture
was allowed to cool, and the catalyst was separated, washed, and recovered for future use
as described above. To remove tin byproducts, the mixture was washed with 10 mL of a
1 M KF solution (3 A). The organic phase was extracted using ethyl acetate (AcOEt) and
dried with anhydrous Na;SOj4. The solvent was evaporated under reduced pressure, and
the resulting solid was purified using flash chromatography (dichloromethane/MeOH)
and recrystallization (iPrOH) to yield compounds 23, 30, 31, and 32.

The synthesis of compounds 24 and 29 via double Stille was performed using 11 as
the starting product as above, but after consumption of the starting material and detecting
the coupling product (not isolated), HCI 3N was added to the mixture, and the reaction
was heated at 70 °C during 3 h to give compound 29. For compound 24, HC] 6N was used,
heating for 24 h. The work-up process was performed as described above.

2.3.4. General Procedures for Suzuki Reactions

Procedure A (for the synthesis of compounds 18, 19, 20, 21, and 22): Ina Kimble® vial,
1.5 mmol of the starting material (10), 6 mmol of TEA, and 3.5 mmol of the corresponding
boronic acid were dissolved in 5 mL of DMF. The catalyst 3D-5i0,@Pd@ K;5iO3 was added
to the mixture, and the reaction was stirred at 75 °C under an argon atmosphere for 24 h.
During the reaction, adduct 18, 19, or 20 was detected first and eventually isolated. Upon
completion of the reaction (consumption of the starting material and the corresponding
adduct), as confirmed via TLC monitoring, the catalyst was removed using tweezers,
washed, and stored for reuse. The product was extracted using dichloromethane as the
solvent. The filtrate was evaporated to dryness using a rotary evaporator, and the resulting
residue was purified via preparative TLC using a mobile phase of AcOEt (1)/Hex (5) to
give the final disubstituted isatin (21, 22). For compound 20, phenylboronic acid was used.
For isolation of compounds 18 and 21, 4-methoxicarbonyl-phenyl-boronic acid was used.
For isolation of compounds 19 and 22, boronic acid-4-carbonitrile was used.

Procedure B for the synthesis of compounds 28, 33, 34, and 35: In a Kimble® vial,
1.5 mmol of the starting material (10), 6 mmol of K,COj3, and the corresponding boronic
acid (3.5 mmol) were dissolved in a mixture of dimethoxyethane (DME) (6 mL)/H,O
(1 mL). The catalyst 3D-5i0,@Pd@K,SiO; was added, and the reaction was stirred in a
PLS organic synthesizer at 95 °C for 6-8 h. Upon completion of the reaction, confirmed
via TLC monitoring, the mixture was washed with distilled water and extracted with
AcOEt. The organic phase was dried over anhydrous sodium sulfate (NaySOy), followed
by evaporation to dryness using a rotary evaporator. The resulting semi-solid residue was
purified via preparative TLC using a mobile phase of AcOEt/Hex. The final products were
characterized using NMR spectroscopy and mass spectrometry. The spectroscopic data of
the related compounds are available in the Supporting Information.

2.3.5. Hot Filtration Test and Recyclability

The Suzuki reaction was performed using 3D-5i0,@Pd@K;SiOj3 as the catalyst. A re-
action mixture was prepared in a Kimble® vial by combining 1 mmol of precursor 11,
1.2 mmol of phenylboronic acid, 3 mmol of potassium carbonate, and 5 mL of a DME/water
solution (1:1 v/v). The catalytic monolith was added to the mixture, which was heated
to 95 °C under constant stirring for 30 min. Without allowing the mixture to cool, the
catalyst was removed via hot filtration using an appropriate funnel, ensuring no solids
remained in the filtrate. The filtrate was kept at 95 °C under continuous stirring for 6 h,
and the reaction progress was monitored using TLC. No formation of the final product
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34 was detected in the absence of the catalyst. Additionally, samples of the filtrate were
analyzed using ICP-MS and no palladium was detected, confirming the catalyst’s stability
and the absence of leaching. The halted conversion and the absence of the final product in
the filtrate confirmed the heterogeneous nature of the catalytic process.

The recyclability was evaluated throughout the study. The catalyst showed no ap-
parent surface damage and could be reused at least 10 times without any loss of catalytic
activity in any of the three synthesis methods.

2.4. Anticancer Activity In Vitro
2.4.1. Cell Lines and Cell Culture Conditions

HeLa and MDA-MB-231 cells were obtained from cell BioLabs (San Diego, CA, USA),
whereas MCE-7 cells were kindly donated by Prof. J. A. Costoya (University of Santiago
de Compostela, Spain). HeLa and MDA-MB-231 cells were cultured in DMEM, supple-
mented with 10% (v/v) FBS and 1% (v/v) of penicillin/streptomycin, sodium pyruvate, and
nonessential amino acids (NEAAs). MCF-7 were culture in DMEM, supplemented with 10%
(v/v) FBS, insulin (10 pg/mL), and 1% (v/v) of glutamine, penicillin/streptomycin, sodium
pyruvate, and nonessential amino acids (NEAAs). All cell cultures were maintained under
standard cell culture conditions (37 °C, 5% CO,, and 90% humidity).

2.4.2. Cell Viability

The cytotoxicity of the synthesized compounds was tested in vitro using the CCK-8
cytotoxicity assay. HeLa, MDA-MB-231, and MCEF-7 cells were seeded into 96-well plates
(1.0 x 10* cells/well) and grown for 24 h at an optical confluence of 80-90% under standard
culture conditions in 100 pL of growth medium. Bare cells were used as the negative control.
After 24 h of incubation, the cells were treated with the drug (8-35) at a concentration
equivalent to 10 uM for 24 and 48 h. After incubation, the cells were washed with PBS (1x,
pH 7.4) and 100 pL of culture medium with 10% (v/v) of the CCK-8 reagent added to each
well and incubated for 1 h. After 2 h, the absorption at 450 nm of the cell samples was
measured using a UV-vis microplate absorbance reader (Bio-Rad model 689, Hercules, CA,
USA). Cell viability (SR, survival rate) was calculated as follows:

Abssample
SR = Absy x 100 (1)
where Absgample is the absorbance at 450 nm for cell samples and Abspany is the absorbance
corresponding to the sample controls without the drug.
For the determination of the half-maximal inhibitory concentration (ICs), a dose-response
curve between the (8-35) concentrations and percent cell viability was plotted and fitted
using a nonlinear least-squares fitting method (Microcal Origin 2021) to a four-parameter

. (max — min)
Y = min + (1 + 10((1ogICs0—X)xp) @

logistic equation:

where the original, %control, or %survival data are represented by Y along their minimal
(min) and maximal (max) values; the isatin derivative concentration is represented by X;
ICs is the concentration at 50% maximal value; and p is the slope factor. The pharmacolog-
ical toxicity tests were performed in triplicate.

3. Results and Discussion
3.1. Design of the Chemical Library

The synthetic strategy followed in this work is depicted in Scheme 1, illustrating
the synthesis of new target isatin prototypes. This approach builds on previously active
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molecules in key cell lines and extends our earlier studies [19], which highlighted that
the incorporation of two alkenyl groups at the benzylic group in 1 and the position 5 of
the isatin ring, having electron-withdrawing groups (EWG), is optimal to enhance the
cytotoxic activity against HeLa cells. Additionally, brominated derivatives at the para
position of the phenyl ring showed promising activity, as corroborated by Han et al. [18].
The modifications planned in this work aim to explore the electronic and steric features of
substituted isatins at positions 1 and 5 and the influence of their biological activity. The
substitution of an alkene with an alkyne or a benzene ring as a linker between functional
groups in biomolecules represents a rational pharmacomodulation approach (Scheme 1A).
These modifications ensure electronic equivalence while providing tunable physical and
chemical characteristics, aligning with the principles of bioisosterism to optimize pharma-
cological profiles. Therefore, the main objective here was replacing alkenes with alkyne
or benzene groups, maintaining similar electronic properties while altering steric parame-
ters, lipophilicity, or substituent orientation, favoring EWGs like -CN, -CHO, and -COOR.
Interestingly, the antiproliferative activity of iodinated derivatives at the para position
of the benzyl ring in these series remained unexplored. With careful control of reaction
conditions, it is possible to access mono- or bis-substituted products from precursors 10 and
11, obtained from isatin 9 (5-iodoindoline-2,3-dione). The simplified retrosynthetic strategy
using a heterogeneous Pd-catalyst is depicted in Scheme 1B. These target structures can
be obtained through Heck reactions (for alkenylation), Suzuki reactions (preferably for
arylation), or Stille reactions (for the introduction of alkynes, aryl groups, and ketones)
(Scheme 1B).
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Scheme 1. (A) Design of new bis-aryl, bis-alkenyl, and bis-alkynyl isatins; (B) retrosynthetic scheme
of the compounds prepared in this work using the 3D-printed catalyst.

Finally, the reactivity of isatins bearing a cyclic ketal group at position 3 was addi-
tionally explored, along with its influence on biological activity, to understand the overall
importance of the carbonyl group at C-3 in cytotoxicity across the three tumor cell lines. In
all these transformations, the availability of a robust, efficient, and reusable heterogeneous
catalyst was highly demanded in this work (Scheme 1B).
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3.2. Design and Synthesis of the 3D-5i0,@Pd@K,S5iO3 Catalyst
3.2.1. Design of the 3D-Printed Catalytic System

The catalyst manufacturing process is depicted in Figure 1. The support monolith,
3D-printed in the first step, features a lattice of bars that provide specific surface area to
the final structure after sintering. However, this thermal process reduces the material’s
porosity. Therefore, the main goal was to create a system of interconnected pores on the
monolith’s surface, built during the previous growth of a metal-organic framework (ZIF-8)
on the 3D-printed ceramic substrate. MOF crystals with smaller sizes are recognized for
their superior catalytic performance due to enhanced exposure of active sites. Nonetheless,
synthesizing small-sized MOFs remains a significant challenge, as conventional methods
typically favor the growth of larger crystals. The layer-by-layer approach followed in this
work led to the growth of small ZIF-8 crystals and compensated for the loss of surface
porosity caused by prior sintering of the ceramic support after the 3D-printing step. The
MOF framework is an excellent medium for trapping palladium species via impregnation.
Further treatment with potassium silicate acts as effective cement via infiltration in the
ZIF-8 pores. Finally, the ZIF-8 is removed via pyrolysis (400 °C) to yield a catalytic system
that retains some surface porosity and houses palladium active species within a composite
protected by a sodium silicate layer. A final thermal treatment compacts the system and
eliminates carbon, resulting in a stable and robust catalyst capable of operating under
diverse catalytic conditions, surpassing the stability of surface-bound MOF systems.
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Figure 1. (A) 3D-printing, sintering, and surface activation of the silica monolithic support. (B) Im-
pregnation of the monolith with an aqueous zinc nitrate solution, 90 °C, 48 h. (C-E) Growth of ZIF-8
on the monolith surface: cyclic treatment with 2-MIM and zinc nitrate, 90 °C, 24 h per stage (3 cycles).
(F) Treatment with palladium acetate in EtOH, 40 °C, 24 h. (G) Treatment with potassium silicate,
room temperature, 10 min. (H,I) 3D-S5iO,@Pd@K;SiOj3 after pyrolysis (400 °C) with the presence of
Pd nanoparticles entrapped in the final composite surface.
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Although zinc remains in the final system as a “spectator metal” in the proposed
catalysis, its presence could have beneficial effects. ZnO can act as a support or co-support
that stabilizes active Pd species, particularly in low oxidation states such as Pd(0) and
Pd(II) [58]. This stabilization can prevent the agglomeration or sintering of Pd during reac-
tions, thereby enhancing the catalyst’s durability and reusability. Pd—Zn interactions can
influence the regeneration of Pd(0) from PdO(0) or other oxidized species, thus improving
the catalyst’s lifespan.

3.2.2. Synthesis of the Catalyst

First, the monolithic support was obtained via 3D printing, using the direct ink
writing technique and subsequent sintering in an oven at 1600 °C [40]. Then, the
monolith surface was activated with a piranha solution (Figure 1A), increasing the
density of hydroxyl groups to facilitate the subsequent adsorption of metal ions. The
strong oxidative environment may also create negatively charged oxygen species (O™)
on the monolith surface (Figure 1A). Subsequently, the monolith was impregnated with
zinc nitrate via Strong Electrostatic Adsorption (SEA) (Figure 1B). The activated monolith
was immersed in an aqueous solution of Zn(NOj3);. This led to the effective deposition of
Zn species due to the Z-potential difference between the surface and the metallic species.
The monolith became impregnated within 48 h under heating at 80 °C (Figure 1B).
SEA interactions occur due to opposing electric charges on the support surface and the
metal species, being influenced by factors like pH and the zeta potential [59]. While
not covalent, these forces are stronger than van der Waals or physisorption, ensuring
stable and uniform metal deposition. On silica, interactions often involve surface silanol
groups (5i-OH/Si-OH), making SEA an effective method for achieving controlled metal
dispersion, enhancing the catalytic performance of the final material. The next step
involved the growth of ZIF-8 using a layer-by-layer method with alternating treatments
of the monolith with zinc metal precursor and the organic ligand (Figure 1C-E). The
growth of ZIF-8 from Zn(NOs), crystallites on silica is an effective approach to control
the nucleation and distribution of the MOEF. In this process, we deposited zinc crystals
on the surface of the silica, which act as anchoring points where zinc coordinates with
2-methylimidazole (2-MIM), promoting uniform and stable hetero-growth of ZIF-8. This
method allows for the adjustment of the MOF size and distribution by optimizing the
Zn(NOs), concentration, pH, and Zn:2-MIM molar ratio. Subsequent cyclic treatments
with 2-MIM and Zn nitrate (three cycles, 90 °C, 12 h) enabled the observation using SEM
of ZIF-8 crystal growth on the ceramic surface. Palladium acetate was added in a further
step to generate Pd(0) nanoparticles within the nanostructure, taking advantage of ZIF-8
as a template. Treatment with a solution of palladium acetate in ethanol—which is a
natural reductant solvent for palladium—at room temperature for 24 h resulted in a
darkened monolith, confirming the formation of Pd(0) species on the surface (1F).

To improve the stability of the catalyst, the ZIF-8-functionalized monolith was treated
with a potassium silicate solution, which acted as a cementing agent, ensuring the structural
integrity of the MOF and facilitating the creation of a stable composite (Figure 1G). As
previously mentioned, this silicate enhances the structural integrity of MOF composites,
improving stability during thermal treatments by encapsulating active metal sites and
preserving catalytic functions.

Careful optimization of binder concentration is critical to maintain porosity, as an
excess amount can compromise the structure. Overall, the use of potassium silicate provides
a robust method for creating durable, thermally stable materials. Finally, the applied
thermal treatment enhances the stability of the catalytic systems by eliminating organic
residues such as ligands and creating a more compact and cohesive material. It strengthens
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the interaction between the support and the deposited metal, reducing metal leaching,
and optimizes the thermal and mechanical resistance of the support. This process results
in a more robust and durable catalyst that is suitable for demanding catalytic conditions.
Therefore, the final pyrolysis at 400 °C removed the carbon-based ZIF-8 organic ligands,

resulting in a carbon-free nanoporous composite, with Zn, O, 5i, K, and Pd as the remaining
elements on the surface (Figure 1H,I).

3.3. Characterization of the Catalyst

The primary characterization process was conducted step-by-step after each chemical
treatment applied on the starting silica monolith (8 mm diameter, 10 mm height, Figure 2A)
using SEM, XRD, EDX and mapping techniques, as represented in Figures 2 and 3.

Pd/Zn/silicate
composite

channel

Figure 2. (A) Silica monolithic support obtained through 3D printing and sintering; (B) SEM: Smooth
surface of the initial SiO; sintered monolith; (C) SEM: Surface impregnation with Zn,(NO3), by SEA;
(D,E) SEM of ZIF-8 growth on the monolith surface; (F) SEM: Impregnation with potassium silicate;
(G,H) SEM: Detail of the monolith bars with the final composite after pyrolysis; (I,J) SEM: Details of
the nanopores generated on the surface composite within the channels; (K-O) EDX mapping of the
final composite; (P) Appearance of the final monolithic catalyst 3D-SiO,@Pd@K,SiOs.
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Figure 3. (A) XRD of 3D-SiO,@ZIF-8 and the ZIF-8 pattern; (B) EDX: elemental composition of the
surface of the monolith functionalized with ZIF-8, 3D-Si0,@ZIF-8; (C) EDX of the surface of the monolith
functionalized with ZIF-8, palladium, and potassium silicate, 3D-SiO,@ZIF-8@Pd@K;,SiO;; (D) EDX of the
surface of the final monolith 3D-Si0,@Pd@K;SiOs; (E) XPS full spectra of 3D-Si0,@Pd@K;SiOs3; (F) XPS
showing the Pd species in 3D-S5i0,@Pd@K,SiO3; (G) XPS showing the Zn species in 3D-5i0,@Pd@K;SiOs.
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The final system was also analyzed using XPS. Initially, the silica support surface
(Figure 2A) appeared smooth, with a few superficial nanopores, and treatment with piranha
solution did not produce significant differences, as observed using SEM (Figure 2B). The
deposited crystals were likely hydrated Zn(NOj3),, as the acidic aqueous medium favors the
stability of this salt in solution. Local supersaturation during the process could have led to
crystallization on the silica surface. Alternatively, if the local pH had slightly changed (due
to interactions with the silanol groups of silica), small, basic zinc phases such as Zn(OH),
might have formed, although this is less common in acidic media. Furthermore, the
detection of a small proportion of nitrogen using EDX (Figure 3B) confirms the presence of
nitrate residues or related phases, highlighting the influence of salts in the MOF formation
process (Figure 2C).

The formation of ZIF-8 crystals is clearly visible in the SEM images (Figure 2D,E). As
can be observed in Figure 2E, the deposited ZIF-8 crystals have an average size of approx.
250 nm. Immersing the monolith in a potassium silicate solution generates a composite
in which the ZIF-8 is encapsulated and interconnected by a uniform and compact layer
of silicate. This cementing agent surrounds and interposes itself between the structure
of the deposited MOF (Figure 2F). Subsequent thermal treatment at 400 °C produces
micrometric-sized pores, as observed in Figure 2G-J.

EDX mapping analysis revealed the presence of the expected surface elements (Si,
O, K, Zn, and Pd), shown in Figure 2K-O and Figure 3D. These elements are uniformly
distributed, albeit at different concentrations. The final 3D-5i0,@Pd@K,SiO3; monolith
exhibits an intense black color, resulting from the presence of palladium (0) species on its
surface (Figure 2P). XRD analysis of the intermediate state of the monolith with surface-
deposited ZIF-8 (corresponding to the states in Figure 2D,E) showed a diffractogram
(Figure 3A) with the characteristic signals of the cristobalite support and other small peaks
at low angles and a pair of intense peaks, which correspond to signals from ZIF-8. Given
the monolithic structure and the surface-specific analysis, identifying the MOF’s crystalline
structure proved challenging. Furthermore, the presence of ZIF-8 is confirmed by the
detection of elements such as zinc, carbon, and nitrogen in the EDX spectrum (Figure 3B).

After drying, an aqueous solution of potassium silicate (30% w/w) was applied,
generating a composite with silicate interposed within the ZIF-8 previously deposited on the
monolith surface (Figure 2F), as confirmed using EDX (Figure 3C). Pyrolysis at 400 °C under
nitrogen yielded a robust system with encapsulated Pd nanoparticles. The final surface
comprised a potassium silicate layer with an underlying porous structure of zing, silicon,
oxygen, and palladium (Figure 2I-K). The absence of carbon in the final monolithic catalyst
(EDX-Figure 3D) confirmed the removal of the organic ligand, potentially enhancing
reactant flow through the catalytic system. EDX mapping showed a uniform distribution
of 5i, O, Zn, Pd, and K in the final composite.

The XPS analysis of the calcined monolith (Figure 3E-G) revealed that the sample
primarily consisted of SiO,, as indicated by the high contributions of silicon (21.59%) and
oxygen (43.87%). The peaks in the binding energy region of 102.6 eV (Si2p3) and 103.25 eV
(5i2p1) corresponded to Si in the SiO, matrix, confirming its dominant presence on the
surface. The Ols peak at 532.43 eV is associated with oxides and organic components
(5107), while the peak at 530.8 eV represents metal oxides. There were other elements like
potassium (K), palladium (Pd), zinc (Zn). Palladium was present predominantly in its
metallic state, Pd(0) (0.41%) (Pd3d5 at 335.37 eV), with a smaller fraction as oxidized Pd(II)
(0.21%) (PO at 336.59 eV), showing a Pd(0)/Pd(Il) ratio of approximately 2:1, suggesting
slight surface oxidation (Figure 3E,F) with a relatively low atomic contribution (0.41% and
0.21%, respectively). This suggests that Pd is well dispersed on the surface. The Zn2p3 and
Zn2pl peaks (1023.26 eV and 1026.41 eV) confirmed the incorporation of zinc on the surface.
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Zinc appeared as Zn(II) (8.48%), likely in the form of ZnO. Additionally, potassium (3.82%)
was detected in small quantities. The K2p3 peak (293.59 eV) demonstrates the incorporation
of potassium, detected in small quantities (3.82%), originating from the potassium silicate
treatment (Figure 3G).

The elemental composition of 3D-5i0,@Pd@K;5i0O3; was determined using EDX: O:
38.22%; Si: 21.72%; K: 4.87%; Zn: 35.07%; Pd: 10.88%. The content of the catalytically active
species, Pd, was calculated based on the palladium surface percentage (10%) measured
at different points on the catalyst surface via EDX. Considering that the thickness of the
monolith’s surface layer is 100 pm and the total weight of the monolith 430 mg, the final
content of palladium on the surface was estimated to be 5.2 mg (Figure 4A).

The overall porosity generated was determined using the mercury porosimetry tech-
nique, and the results are summarized in Table S1. The 3D-5i0,@Pd@K;SiO; monolith,
derived from the initial monolith through controlled surface growth of a MOF-silicate
composite, exhibits significant enhancement in its porous properties despite undergoing a
subsequent calcination process. While this pyrolysis step may have caused a slight loss
of porosity, the final monolithic catalyst resulted in a remarkable increase in the porosity
percentage with respect to the initial support, from 1.37% (initial 3D-silica support) to 9.12%
(3D-Si0,@Pd@K;Si03), along with substantial growth in the average pore diameter (from
0.28 pm to 9.84 um).

This hierarchical porous network, now more open and accessible, improves the diffu-
sion of reactants and products while maintaining the structural stability of the monolith.
These features make the catalyst particularly effective for heterogeneous reactions with
small volumes, performed in batch mode, where its small size and enhanced accessibility
to active sites are crucial.

3.4. Results of Catalytic Activity

The synthetic route depicted in Scheme 2 relies on the use of two precursors and three
Pd-methodologies (Heck, Stille, Suzuki). The Heck reaction was the main method for ob-
taining bis-alkenyl-isatins, while the Suzuki reaction was preferably used for the synthesis
of bis-aryl-isatins. The Stille reaction was also tested for the synthesis of other diverse
compounds, such as acetyl, alkynyl, and thienyl or furyl-isatins, the latter of which could
also be prepared via the Suzuki reaction. Precursor 10, previously prepared via benzylation
of commercially available 5-iodoisatin 9 [19], was further processed by protecting its C-3
with a cyclic ketal to yield the ketal compound 11, serving as the starting point for other
final analogues. Initial attempts to conduct the reaction of 10 with conventional homoge-
neous catalysts, such as palladium acetate or dichlorobis(triphenylphosphine)-Pd(Il), at
various temperatures resulted in low yields (see Table S2) and the formation of significant
by-products, likely metalates. These by-products arose due to the affinity of homogeneous
palladium species for coordination with the isatin’s carbonyl groups at C-2 and C-3 [60].
This issue was exacerbated at higher temperatures (90-100 °C), reducing the overall yields
in the Heck and Suzuki reactions. Therefore, the heterogeneous 3D-5i0,@Pd@K;SiO3
catalyst, featuring immobilized palladium species, was used.

The catalyst demonstrated efficiency and reusability over multiple reaction cycles and
confirmed the superior reactivity of precursor 11 over 10 in the PCCCRs explored. The
Heck reaction of 10 with different alkenes yielded monosubstituted products 12, 13, and 14,
with styrene producing monosubstituted compound 14, in good yields (see Table 1). Under
controlled reaction conditions, using triethylamine as the base and dimethylformamide
as the solvent (75 °C), these iodinated intermediates (adducts) could be isolated through
careful optimization of the temperature and reaction time.
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Scheme 2. Synthetic route for the preparation of the compounds developed in this work using

3D-5i0,@Pd@K;SiO5 catalyst.

Table 1. Structure of the diversely substituted 1-benzylindolin-2-ones and 1-benzylspiro[indoline-
3,2’-[1,3]dioxolan]-2-ones obtained using 3D-SiO,@Pd@K,SiOj as a catalyst.
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Compound Ry R3 Rs Method Yield (%)
8 CH=CH-COOMe (@) CH=CH-COOMe HECK ! 65
12 I 0 CH=CH-COOMe HECK 12 50
13 I (@] CH=CH-COOEt HECK 12 40
14 I 0 CH=CH-Ph HECK ! 75
15 CH=CH-COOEt 0 CH=CH-COOEt HECK ! 78
16 CH=CH-COMe (@) CH=CH-COMe HECK ! 67
17 CH=CH-CN 0 CH=CH-CN HECK ! 66
18 I (@] 4-Ph-COOMe SUZUKI 123 55
19 I e 4-Ph-CN SUZUKI 123 58
20 I o] Ph SUZUKI 123 59
21 4-Ph-COOMe (@) 4-Ph-COOMe SUZUKI 13 78
22 4-Ph-CN e 4-Ph-CN SUZUKI 13 35
23 2-thiophene ¢) 2-thiophene STILLE ! 72
24 COCH; (@) COCH3; STILLE ! 76
25 CH=CH-COOMe 0-CH,CH,0 CH=CH-COOMe HECK 4 80
26 CH=CH-CN 0O-CH,CH,0 CH=CH-CN HECK * 85
27 CH=CH-COMe 0O-CH,CH,0 CH=CH-COMe HECK * 87
28 CH=CH-Ph 0O-CH,CH,0 CH=CH-Ph SUZUKI 4° 85
29 COCH; 0O-CH,CH,0 COCH3; STILLE * 85
30 2-thiophene O-CH,CH,0O 2-thiophene STILLE 4 84
31 2-furan O-CH,CH,0 2-furan STILLE * 78
32 C=C-Ph 0-CH,CH,0 CH=C-Ph STILLE * 79
33 4-Ph-CHO 0O-CH,CH,0 4-Ph-CHO SUZUKI 4° 66
34 Ph 0O-CH,CH,0 Ph SUZUKI 4° 88
35 4-Ph-CN 0-CH,CH,0 4-Ph-CN SUZUKI %° 70

1 Compound 10 was used as the starting product. 2 Concomitant bi-substituted partner was also formed.
3 Method A was used. * Compound 11 was used as the starting product. > Method B was used.
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Using an excess of alkene and extended reaction times, bi-substituted isatins 8, 15, 16
and 17 were obtained—without isolation of intermediates—in good yields (see Table 1).
Suzuki reactions produced arylated products 18-20 and bis arylated derivatives 21 and 22
using special conditions (Method A, using TEA and anhydrous DMF) to prevent methyl
ester or cyano hydrolysis.

The Stille reaction from 10 provided compounds 23 and 24 (in toluene), the latter
obtained by treating an intermediate bis-vinyl ether (not isolated) with 3N HCI for 24 h. For
isatin 11, containing a cyclic acetal at position 3, rapid formation of disubstituted products
was observed. Although monosubstituted intermediates could be detected via TLC, they
were quickly converted to the disubstituted products. Consequently, the Heck reactions
yielded compounds 25-27, and the Stille ones yielded compounds 29-32 under analogous
conditions used for the 3-carbonyl series. The Suzuki reactions produced 28, 33, 34, and
35 via Method B, using potassium carbonate as a base in dimethoxyethane/water in good
yields (see Table 1).

Collectively, the 3D-5i10,@Pd@K,S5iOj3 catalyst addresses a chemical challenge, as all
attempts to perform these transformations with the previously described homogeneous
reagents (palladium acetate, dichloro(bistriphenylphosphine)-palladium (II), Pd-C) were
less than satisfactory, yielding significant impurities in the final mixtures (see Table S2).
However, using 3D-510,@Pd@K,SiOs, the reactions proceeded much more cleanly, indi-
cating a certain selectivity for C—C coupling rather than palladium interacting with the
bi-carbonyl system. In addition, the reusability was also checked. The 3D-5i0,@Pd@K,5iO3
catalyst was reused up to 10 times without any apparent loss of activity (Figure 4B). Further-
more, preliminary hot filtration tests revealed the absence of metal species in the solution, a
result that was confirmed via ICP analysis of extracts of the reactions, which did not detect
any trace of palladium in the final reaction mixtures.

(A) (B) o
90

External radius: 0.4 cm

Height of the cylinder: 1 cm °r

70 |

60 |-

Thickness external layer: 0.025 cm 5o L

Yield (%)

40 |-

Total mass of the monolith: 431 mg i

Palladium content: 5.10 mg

1 2 3 4 5 6 7 8 9 10
Number of cycles

Figure 4. (A) Physical properties of the 3D-5i0,@Pd@K,SiOj3 catalyst and (B) recyclability using the
synthesis of 34 as a model reaction in ten reactions.

3.5. Cytotoxic Activity of Substituted Isatins in HeLa, MDA-MB-231, and MCCF-7 Cell Lines

Figure 5A illustrates the percentage of cell growth inhibition in the three tumor cell
lines studied after 24 h of incubation. Many of the synthesized compounds showed
cytotoxicity above 50% at the initial screening drug concentration of 10 mM in both the
HeLa and MCE-7 lines. However, for the triple-negative breast cancer MDA-MB-231 cell
line, only compound 32 showed significant cytotoxic activity (ICsg = 9.1 pM). Figure 5B-D
display the inhibition curves for each compound in each cell line. Table 2 presents the ICs
values for each compound for each cell line.
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Figure 5. Cytotoxicity of isatins 8-35: (A) Inhibition (%) at 10 uM in HeLA, MCF-7, MDA-MB231 and
best prototypes; (B) Inhibition dose/response curves in HeLa; (C) in MCE-7; (D) in MDA-MB231 for
compound 32.

Doxorubicin and sunitinib were used as the standard drug for comparison in the
HeLa, MCF-7, and MDA-MB231 cells. From the inhibitory activity data obtained for this
series of compounds in the HeLa cells, the results of compounds 23 (IC5y = 2.4 uM) and
24 (IC5p = 2.3 uM) stand out, respectively. Interestingly, although they do not surpass our
previous methyl diester prototype (8) in this cell line (IC59 =1 uM), it was confirmed that
the presence of EWGs on alkenes or directly on the isatin and benzyl ring (24) generally
enhanced cytotoxic activity, preferably keeping the carbonyl at position 3 intact. However,
this is not essential, as the presence of a cyclic acetal can also result in cytotoxicity (26)
(IC50 = 3.1 uM). Additionally, the presence of aromatic rings appears to be suitable for
HeLa survival, with thiophene 23 demonstrating interesting activity (ICs¢ = 2.4 uM); the
same activity of the reference drug doxorubicin (ICs = 2.4 uM).

In the MCEF-7 cell line, compounds featuring cyano groups—19, 22, 26, and
35—exhibited remarkable cytotoxic activity, with ICsy values ranging from 1 to 2 uM.
Notably, two of these compounds (26 and 35) also incorporated a cyclic ketal moiety at C-3,
highlighting a potential structural feature contributing to their potency. These results could
be related to those obtained by Stanton regarding the cytotoxicity of 2-phenylacrylonitriles
in the same cell line [61]. On the other hand, the bis-alkenyl-isatins did not exhibit po-
tent cytotoxic activity in the MCF-7 cell line. However, to our satisfaction, the bis-aryl
derivatives, particularly the diester 21 (ICsg = 0.69 pM) and especially the bis-thienyl 23
(IC50 = 0.50 uM), which is fourteen times more potent than doxorubicin (ICsg = 7.3 uM)
and sunitinib (ICsp = 10.7 M), as seen in Table 2, did show outstanding therapeutic activity.
This confirms that the EWGs in C-5 and the benzyl group are not strictly necessary in the
positions studied. Collectively, these data reinforce the idea that the presence of one or
two aromatic rings in the proposed positions is preferred for cytotoxic activity in MCF-7.
Interestingly, the diketone 24 also showed potent activity in this line (ICsy = 0.88 pM).
These three derivatives (21, 23, 24) share an isatin structure with a carbonyl group at C-3.
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Compounds 23 and 24 are promising new hits, as they also show significant cytotoxicity in
HelLa cells. Finally, compound 32 proved to be the only one of interest in the triple-resistant
line MDA-MB-231 (IC5 = 9.1 uM), notably containing an alkyne group and a cyclic acetal in
its structure. Its structure, containing a triple bond, could be related to drugs like ponatinib
(IC50=1.41 uM for MDA-MB-231 and 4.59 uM for MCF-7) [62] and its mechanism.

Table 2. Results of cytotoxic activity of the diversely substituted 1-benzylindolin-2-ones.

HeLa MCE-7 MDA-MB231
Compound
IC50 (uM) #

8 1.0 [19]P 19.9 17.8
12 10.8 [19] P 13.6 15.7
13 20.0 33.1 19.8
14 6.9 28.1 34.3
15 12.4 26.3 14.3
16 11.2 13.8 17.8
17 43 16.5 16.9
18 9.3 9.2 23.8
19 9.9 1.1 20.7
20 43 1.8 14.9
21 12.3 0.6 (690 nM) 12.3
22 5.0 1.6 11.7
23 2.4 0.5 (501 nM) 15.8
24 2.3 0.8 (880 nM) 14.8
25 11.9 8.2 12.3
26 3.1 1.6 13.9
27 15.5 24 12.7
28 13.7 12.6 20.8
29 17.5 9.9 16.8
30 14.7 6.3 17.9
31 13.5 8.5 11.9
32 7.8 8.1 9.1

33 8.4 9.1 11.9
34 9.7 4.7 12.7
35 7.8 1.2 14.9

Doxorubicin 24[63]P 7.3[13]P 9.6 [64] P
Sunitinib 2.41[63]P 10.7 [65] P 10 (57%) [66] <

2 Results after 24 h. ? Results previously reported. © (% inhibition) at 10 mM.

4. Conclusions

This interdisciplinary study introduces a novel approach for stabilizing and function-
alizing MOFs on 3D-printed ceramic supports, broadening the toolkit for heterogeneous
catalyst fabrication and the synthesis of biologically relevant compounds. The surface
growth of ZIF-8 on a silica sintered monolith, followed by potassium silicate treatment and
pyrolysis, resulted in a porous and robust system that remained effective and stable under
various catalytic conditions.

The catalyst exhibited excellent performance in the parallel synthesis of small
biomolecules with potential anticancer activity. Notably, it outperformed both homo-
geneous and heterogeneous counterparts, demonstrating superior efficiency in diverse
reaction conditions (Heck, Suzuki, and Stille reactions). Additionally, the catalyst main-
tained its activity and structural integrity over at least 10 cycles, with no apparent loss of
performance or leaching.

Several of the compound prototypes synthesized in this study displayed remarkable
cytotoxicity against HeLa and MDA-MB-231 cell lines, with particularly potent antiprolifer-
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ative effects against MCF-7 cells. Compounds 21, 23, and 24 exhibited exceptional inhibition
of cell growth, with nanomolar-range activity in MCF-7 cells, while also demonstrating
superior effectiveness in HeLa cells compared to previous isatin-based reference ligands, as
well as standard anticancer drugs such as doxorubicin and sunitinib. Notably, compound
25 emerged as the most potent against MDA-MB231 cells.

In summary, this work presents a novel approach for synthesizing porous heteroge-
neous catalysts from sintered surfaces. Additionally, the bi-substituted N-benzylisatins
obtained in this study show promise as potential anticancer therapeutics. Ongoing studies
aim to elucidate both the selectivity and the precise mechanisms underlying the antiprolif-
erative activity of these compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics17040505/s1, I'H NMR, 13C NMR, mass spectra
and high-resolution mass spectrometry (HRMS) data for all final compounds described in this
work. Table S1: Porosimetry of initial support and final monolithic catalyst; Table S2: Comparative
performance of 3D-5i0,@Pd@K,SiO3 with other catalysts.

Author Contributions: Conceptualization and methodology, P.T. and A.C.; investigation, A.D.,
R.B., TR, M.L., M.B.-L. and S.B,; software, M.A. and M.B.-L.; formal analysis, A.D., R.B., T.R. and
M.A.; resources, S.B., P.T. and A.C.; data curation, M.A., S.B.,, M.B.-L. and A.C.; writing—original
draft preparation, A.D. and A.C.; writing—review and editing, M.A., CEM.,, S.B., P.T. and A.C,;
supervision, C.EM., S.B., P.T. and A.C.; funding acquisition, P.T. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors thank Agencia Estatal de Investigacion (AEI) for funding through project
PID2022-1426820B-100, TED2021-132522-100, and Xunta de Galicia for grant ED431C 2022/28. A.D.
also thanks Erasmus Program KA-107 for grant funding. ERDF and Next Generation-EU funds are
also greatly acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting this article have been included as part of the
Supplementary Information.

Acknowledgments: The authors acknowledge the collaboration of C.A. Garcia-Gonzéalez, and M.
Blanco-Vales, Alejandro Varela, and the laboratory technicians José Gonzalez, Paula Munin, Maria
del Carmen Mosquera, Raquel Antén, and Esteban Guitidn.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Mirabelli, C.C.; Coppola, L.; Salvatore, M.; Candi, C.; D’Amico, M. Cancer Cell Lines Are Useful Model Systems for Medical
Research. Cancers 2019, 11, 1098. [CrossRef]

2. Chauhan, G.; Pathak, D.P; Ali, E; Dubey, P.; Khasimbi, S. In-vitro Evaluation of Isatin Derivatives as Potent Anti-Breast Cancer
Agents against MCF-7, MDA-MB-231, MDA-MB-435 and MDA-MB-468 Breast Cancer Cell Lines: A Review. Anti-Cancer Agents
Med. Chem. 2022, 22, 1883-1896. [CrossRef] [PubMed]

3. Masters, ].R. HeLa cells 50 years on: The good, the bad and the ugly. Nat. Rev. Cancer 2002, 2, 315-319. [CrossRef] [PubMed]

4 Sharma, M.P.; Shukla, S.; Misra, G. Recent advances in breast cancer cell line research. Int. J. Cancer 2024, 154, 1683-1693.
[CrossRef]

5. Huang, Z,; Yu, Y;; Tang, J. Characterization of Triple-Negative Breast Cancer MDA-MB-231 Cell Spheroid Model. OncoTargets
Ther. 2020, 13, 4849-4855. [CrossRef] [PubMed]

6. Nath, R.; Pathania, S.; Grover, G.; Akhtar, M.]. Isatin Containing Heterocycles for Different Biological Activities: Analysis of

Structure Activity Relationship. J. Mol. Struct. 2020, 1222, 128900. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics17040505/s1
https://www.mdpi.com/article/10.3390/pharmaceutics17040505/s1
https://doi.org/10.3390/cancers11081098
https://doi.org/10.2174/1871520621666210903130152
https://www.ncbi.nlm.nih.gov/pubmed/34477529
https://doi.org/10.1038/nrc775
https://www.ncbi.nlm.nih.gov/pubmed/12001993
https://doi.org/10.1002/ijc.34849
https://doi.org/10.2147/OTT.S249756
https://www.ncbi.nlm.nih.gov/pubmed/32606757
https://doi.org/10.1016/j.molstruc.2020.128900

Pharmaceutics 2025, 17, 505 22 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.
33.

Dhokne, P.; Sakla, A.P,; Shankaraiah, N. Structural Insights of Oxindole-Based Kinase Inhibitors as Anticancer Agents: Recent
Advances. Eur. |. Med. Chem. 2021, 216, 113334. [CrossRef]

Ferraz de Paiva, R.E.; Vieira, E.G.; Rodrigues da Silva, D.; Wegermann, C.A.; Costa Ferreira, A.M. Anticancer Compounds Based
on Isatin-Derivatives: Strategies to Ameliorate Selectivity and Efficiency. Front. Mol. Biosci. 2021, 7, 627272. [CrossRef]

Czelen, P; Skotnicka, A.; Széler, B. Designing and Synthesis of New Isatin Derivatives as Potential CDK2 Inhibitors. Int. . Mol.
Sci. 2023, 24, 8046. [CrossRef]

Chowdhary, S.; Shalini; Arora, A.; Kumar, V. A Mini Review on Isatin, an Anticancer Scaffold with Potential Activities against
Neglected Tropical Diseases (NTDs). Pharmaceuticals 2022, 15, 536. [CrossRef]

Kosmider, O.; Denis, N.; Dubreuil, P.; Moreau-Gachelin, F. Semaxinib (SU5416) as a therapeutic agent targeting oncogenic Kit
mutants resistant to imatinib mesylate. Oncogene 2007, 26, 3904-3908. [CrossRef]

Tekisogullari, K.; Topcu, M. The effects of sunitinib malate used in targeted therapy on the proliferation of HeLa cells in vitro.
JBUON 2013, 18, 253-260. [PubMed]

Eldehna, W.M.; Fares, M.; Ibrahim, H.S.; Alsherbiny, M.A.; Aly, M.H.; Ghabbour, H.A.; Abdel-Aziz, H.A. Synthesis and Cytotoxic
Activity of Biphenylurea Derivatives Containing Indolin-2-one Moieties. Molecules 2016, 21, 762. [CrossRef] [PubMed]

Arshad, N.; Mir, M.L;; Perveen, F; Javed, A.; Javaid, M.; Saeed, A.; Channar, PA.; Farooqi, S.I; Alkahtani, S.; Anwar, J.
Investigations on Anticancer Potentials by DNA Binding and Cytotoxicity Studies for Newly Synthesized and Characterized
Imidazolidine and Thiazolidine-Based Isatin Derivatives. Molecules 2022, 27, 354. [CrossRef] [PubMed]

Al-Salem, H.S.; Abuelizz, H.A; Issa, 1.S.; Mahmoud, A.Z.; AlHoshani, A.; Arifuzzaman, M.; Rahman, A.FM.M. Synthesis of
Novel Potent Biologically Active N-Benzylisatin-Aryl Hydrazones in Comparison with Lung Cancer Drug ‘Gefitinib’. Appl. Sci.
2020, 10, 3669. [CrossRef]

Chang, Y.; Yuan, Y,; Zhang, Q.; Rong, Y.; Yang, Y.; Chi, M,; Liu, Z.; Zhang, Y.; Yu, P; Teng, Y. Effects of an Isatin Derivative on
Tumor Cell Migration and Angiogenesis. RSC Adv. 2020, 10, 1191-1197. [CrossRef]

Teng, Y.-O.; Zhao, H.-Y.; Wang, ].; Liu, H.; Gao, M.-L.; Zhou, Y,; Han, K.-L.; Fan, Z.-C.; Zhang, Y.-M.; Sun, H.; et al. Synthesis and
Anti-Cancer Activity Evaluation of 5-(2-Carboxyethenyl)-Isatin Derivatives. Eur. |. Med. Chem. 2016, 112, 145-156. [CrossRef]
Han, K.; Zhou, Y,; Liu, F; Guo, Q.; Wang, P; Yang, Y,; Song, B.; Liu, W.; Yao, Q.; Teng, Y.; et al. Design, Synthesis and
In Vitro Cytotoxicity Evaluation of 5-(2-Carboxyethenyl)isatin Derivatives as Anticancer Agents. Bioorg. Med. Chem. Lett.
2014, 24, 591-594. [CrossRef]

Malatini, C.; Carbajales, C.; Luna, M.; Beltran, O.; Amorin, M.; Masaguer, C.E; Blanco, ] M.; Barbosa, S.; Taboada, P.; Coelho, A.
3D-Printing of Capsule Devices as Compartmentalization Tools for Supported Reagents in the Search of Antiproliferative Isatins.
Pharmaceuticals 2023, 16, 310. [CrossRef]

Biffis, A.; Centomo, P; Del Zotto, A.; Zecca, M. Pd Metal Catalysts for Cross-Couplings and Related Reactions in the 21st Century:
A Critical Review. Chem. Rev. 2018, 118, 2249-2295. [CrossRef]

Torborg, C.; Beller, M. Recent Applications of Palladium-Catalyzed Coupling Reactions in the Pharmaceutical Industry. Angew.
Chem. Int. Ed. Engl. 2009, 48, 9186-9211. [CrossRef]

Farina, V. High-Throughput Palladium Catalysis in Cross-Coupling Synthesis. Catal. Today 2004, 34, 307-343. [CrossRef]
Garrett, C.; Prasad, K. The Art of Meeting Palladium Specifications in Active Pharmaceutical Ingredients Produced by Pd-
Catalyzed Reactions. Adv. Synth. Catal. 2004, 346, 889-900. [CrossRef]

Beletskaya, I.P.; Cheprakov, A.V. The Heck Reaction as a Sharpening Stone of Palladium Catalysis. Chem. Rev. 2000, 100, 3009-3066.
[CrossRef]

Buskes, M.].; Blanco, M.J. Impact of Cross-Coupling Reactions in Drug Discovery and Development. Molecules 2020, 25, 3493.
[CrossRef]

Adrangi, B.; Chatrath, A. The Dynamics of Palladium and Platinum Prices. Comput. Econ. 2002, 19, 179-195. [CrossRef]

Alimi, O.A.; Akinnawo, C.A.; Meijboom, R. Monolith catalyst design via 3D printing: A reusable support for modern palladium-
catalyzed cross-coupling reactions. New J. Chem. 2020, 44, 18867-18878. [CrossRef]

Molavi, H.; Mirzaei, K.; Barjasteh, M.; Rahnamaee, S.Y.; Saeedi, S.; Hassanpouryouzband, A.; Rezakazemi, M. 3D-Printed MOF
Monoliths: Fabrication Strategies and Environmental Applications. Nano-Micro Lett. 2024, 16, 272. [CrossRef]

Qi, X,; Liu, K.; Chang, Z. Beyond powders: Monoliths on the basis of metal-organic frameworks (MOFs). J. Chem. Eng.
2022, 441, 135953. [CrossRef]

Tan, L.; Tan, B. Functionalized hierarchical porous polymeric monoliths as versatile platforms to support uniform and ultrafine
metal nanoparticles for heterogeneous catalysis. J. Chem. Eng. 2020, 390, 124485. [CrossRef]

Tomasi¢, V.; Jovic, F. State of the art in the monolithic catalysts/reactors. Appl. Catal. 2006, 311, 112-121. [CrossRef]

Williams, ].L. Monolith structures, materials, properties and uses. Catal. Today. 2001, 69, 3-9. [CrossRef]

Boger, T.; Heibel, A.K.; Sorensen, C.M. Monolithic Catalysts for the Chemical Industry. Ind. Eng. Chem. Res. 2004, 43, 4602-4611.
[CrossRef]


https://doi.org/10.1016/j.ejmech.2021.113334
https://doi.org/10.3389/fmolb.2020.627272
https://doi.org/10.3390/ijms23148046
https://doi.org/10.3390/ph15050536
https://doi.org/10.1038/sj.onc.1210159
https://www.ncbi.nlm.nih.gov/pubmed/23613413
https://doi.org/10.3390/molecules21060762
https://www.ncbi.nlm.nih.gov/pubmed/27294903
https://doi.org/10.3390/molecules27020354
https://www.ncbi.nlm.nih.gov/pubmed/35056668
https://doi.org/10.3390/app10113669
https://doi.org/10.1039/C9RA08448G
https://doi.org/10.1016/j.ejmech.2015.12.050
https://doi.org/10.1016/j.bmcl.2013.12.001
https://doi.org/10.3390/ph16020310
https://doi.org/10.1021/acs.chemrev.7b00443
https://doi.org/10.1002/adsc.200900587
https://doi.org/10.1002/adsc.200404178
https://doi.org/10.1002/adsc.200404071
https://doi.org/10.1021/cr9903048
https://doi.org/10.3390/molecules25153493
https://doi.org/10.1023/A:1015051912125
https://doi.org/10.1039/D0NJ03651J
https://doi.org/10.1007/s40820-024-01487-1
https://doi.org/10.1016/j.cej.2022.135953
https://doi.org/10.1016/j.cej.2020.124485
https://doi.org/10.1016/j.apcata.2006.06.013
https://doi.org/10.1016/S0920-5861(01)00348-0
https://doi.org/10.1021/ie030730q

Pharmaceutics 2025, 17, 505 23 of 24

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Palao, E.; Alcazar, J. Chapter 3: Organometallic Chemistry in Flow in the Pharmaceutical Industry. In Flow Chemistry: Integrated
Approaches for Practical Applications; Luis, S.V., Garcia-Verdugo, E., Eds.; The Royal Society of Chemistry: London, UK, 2019;
pp. 86-128. [CrossRef]

Dory, H.; Petit, E.; El-Sayegh, S.; Badouric, L.; Castro, V.; Bechelany, M.; Voiry, D.; Miele, P.; Lajaunie, L.; Salameh, C. Monolith
Catalyst Design by Combining 3D Printing and Atomic Layer Deposition: Toward Green Palladium-Catalyzed Cross-Coupling
Reactions. Adv. Eng. Mater. 2024, 27, 2401546. [CrossRef]

Yuan, H.; Liu, H.; Zhang, B.; Zhang, L.; Wang, H.; Su, D.S. A Pd/CNT-SiC monolith as a robust catalyst for Suzuki coupling
reactions. Phys. Chem. Chem. Phys. 2014, 16, 11178-11181. [CrossRef]

Bulatov, E.; Lahtinen, E.; Kivijarvi, L.; Hey-Hawkins, E. Haukka. ChemCatChem 2020, 12, 4831. [CrossRef]

Tubio, C.R.; Azuaje, ]J.; Escalante, L.; Coelho, A.; Guitidn, F,; Sotelo, E.; Gil, A. 3D Printing of a Heterogeneous Copper-Based
Catalyst. J. Catal. 2016, 334, 110-115. [CrossRef]

Wu, S.; Xu, X.; Zhang, X; Ji, Z.; Jia, X.; Wang, X. 3D-Printing Functional Ceramic for One-Step Fabrication of Pd/C Catalytic
Reactor. Addit. Manuf. Front. 2024, 3, 200167. [CrossRef]

Diaz-Marta, A.S.; Tubio, C.R.; Carbajales, C.; Ferndndez, C.; Escalante, L.; Sotelo, E.; Guitian, F; Barrio, V.L.; Gil, A.; Coelho,
A. Three-Dimensional Printing in Catalysis: Combining 3D Heterogeneous Copper and Palladium Catalysts for Multicatalytic
Multicomponent Reactions. ACS Catal. 2018, 8, 392-404. [CrossRef]

Diaz-Marta, A.S.; Yafiez, S.; Lasorsa, E.; Pacheco, P.; Tubio, C.R.; Rivas, ].; Pifieiro, Y.; Gémez, M.A.G.; Amorin, M.; Guitidn, F.;
et al. Integrating Reactors and Catalysts through Three-Dimensional Printing: Efficiency and Reusability of an Impregnated
Palladium on Silica Monolith in Sonogashira and Suzuki Reactions. ChemCatChem 2020, 12, 1762. [CrossRef]

Tubio, C.R.; Malatini, C.; Barrio, V.L.; Masaguer, C.F; Amorin, M.; Nabgan, W.; Taboada, P.; Guitidn, F,; Gil, A.; Coelho, A. 3D
Printing of a Palladium-Alumina Cermet Monolithic Catalyst: Catalytic Evaluation in Microwave-Assisted Cross-Coupling
Reactions. Mater. Today Chem. 2023, 27, 101355. [CrossRef]

Garcia Garcia, P.; Miiller, M.; Corma, A. MOF catalysis in relation to their homogeneous counterparts and conventional solid
catalysts. Chem. Sci. 2014, 5, 2979-3007. [CrossRef]

Isaeva, V.I.; Kustov, L.M. The application of metal-organic frameworks in catalysis (Review). Pet. Chem. 2010, 50, 167-180.
[CrossRef]

Li, D.; Xu, H.Q,; Jiao, L.; Jiang, H.L. Metal-Organic Frameworks for Catalysis: State of the Art, Challenges, and Opportunities.
Energy Chem. 2019, 1, 100005. [CrossRef]

El Ouardi, M.; Elaouni, A.; Ahsaine, H.A ; Baqais, A.; Saadi, M. ZIF-8 metal organic framework composites as hydrogen evolution
reaction photocatalyst: A review of the current state. Chemosphere 2022, 308, 136483. [CrossRef]

Ding, S.; Yan, Q.; Jiang, H.; Zhong, Z.; Chen, R.; Xing, W. Fabrication of PA@ZIF-8 catalysts with different Pd spatial distributions
and their catalytic properties. J. Chem. Eng. 2016, 296, 146-153. [CrossRef]

Butova, V.V,; Budnyk, A.P; Bulanova, E.A.; Lamberti, C.; Soldatov, A.V. Hydrothermal synthesis of high surface area ZIF-8 with
minimal use of TEA. Solid State Sci. 2017, 69, 13-21. [CrossRef]

Konnerth, H.; Matsagar, B.M.; Chen, S.; Prechtl, M.; Shieh, EK.; Wu, C.W. Metal-organic framework (MOF)—derived catalysts for
fine chemical production. Coord. Chem. Rev. 2020, 416, 213319. [CrossRef]

Wu, M.X,; Yang, Y.W. Metal-Organic Framework (MOF)-Based Drug/Cargo Delivery and Cancer Therapy. Adv. Mater.
2017, 29, 1606134. [CrossRef]

Ding, M.; Cai, X,; Jiang, H.L. Improving MOF stability: Approaches and applications. Chem. Sci. 2019, 44, 10209-10230. [CrossRef]
Bosch, M.; Zhang, M.; Zhou, H.C. Increasing the Stability of Metal-Organic Frameworks. Adv. Chem. 2014, 1, 182327. [CrossRef]
Ramos-Fernandez, E.V.; Garcia-Domingos, M.; Juan-Alcaiiiz, J.; Gascon, J.; Kapteijn, F. MOFs meet monoliths: Hierarchical
structuring metal organic framework catalysts. Appl. Catal. 2011, 391, 261-267. [CrossRef]

Liu, D,; Jiang, P; Li, X,; Liu, J.; Zhou, L.; Wang, X.; Zhou, F. 3D printing of metal-organic frameworks decorated hierarchical
porous ceramics for high-efficiency catalytic degradation. J. Chem. Eng. 2020, 397, 125392. [CrossRef]

Kou, J.; Sun, L.B. Fabrication of Metal-Organic Frameworks inside Silica Nanopores with Significantly Enhanced Hydrostability
and Catalytic Activity. ACS Appl. Mater. Interfaces 2018, 10, 12051-12059. [CrossRef]

Sutens, B.; De Vos, Y.; Verougstraete, B.; Denayer, ].; Rombouts, M. Potassium Silicate as Low-Temperature Binder in 3D-Printed
Porous Structures for CO, Separation. ACS Omega 2023, 8, 4116-4126. [CrossRef]

Bai, Y.; Wang, Y.; Yang, T.; Chen, X. Novel Cement-Based Materials Using Seawater, Reused Construction Waste, and Alkali
Agents. Buildings 2024, 14, 3696. [CrossRef]

Baran, N.Y.; Baran, T.; Nasrollahzadeh, M. Synthesis of palladium nanoparticles stabilized on Schiff base-modified ZnO particles
as a nanoscale catalyst for the phosphine-free Heck coupling reaction and 4-nitrophenol reduction. Sci. Rep. 2023, 13, 12008.
[CrossRef]

Serrano-Lotina, A.; Portela, R.; Baeza, P.; Alcolea-Rodriguez, V.; Villarroel, M.; Avila, P. Zeta potential as a tool for functional
materials development. Catal. Today 2023, 423, 113862. [CrossRef]


https://doi.org/10.1039/9781788016094-00086
https://doi.org/10.1002/adem.202401546
https://doi.org/10.1039/C3CP55394A
https://doi.org/10.1002/cctc.202000806
https://doi.org/10.1016/j.jcat.2015.11.019
https://doi.org/10.1016/j.amf.2024.200167
https://doi.org/10.1021/acscatal.7b02592
https://doi.org/10.1002/cctc.201902143
https://doi.org/10.1016/j.mtchem.2022.101355
https://doi.org/10.1039/c4sc00265b
https://doi.org/10.1134/S0965544110030011
https://doi.org/10.1016/j.enchem.2019.100005
https://doi.org/10.1016/j.chemosphere.2022.136483
https://doi.org/10.1016/j.cej.2016.03.098
https://doi.org/10.1016/j.solidstatesciences.2017.05.002
https://doi.org/10.1016/j.ccr.2020.213319
https://doi.org/10.1002/adma.201606134
https://doi.org/10.1039/C9SC03916C
https://doi.org/10.1155/2014/182327
https://doi.org/10.1016/j.apcata.2010.05.019
https://doi.org/10.1016/j.cej.2020.125392
https://doi.org/10.1021/acsami.8b01652
https://doi.org/10.1021/acsomega.2c07074
https://doi.org/10.3390/buildings14113696
https://doi.org/10.1038/s41598-023-38898-w
https://doi.org/10.1016/j.cattod.2022.08.004

Pharmaceutics 2025, 17, 505 24 of 24

60.

61.

62.

63.

64.

65.

66.

Nitti, A.; Signorile, M.; Boiocchi, M.; Bianchi, G.; Pasini, D. Conjugated thiophene-fused isatin dyes through intramolecular direct
arylation. J. Org. Chem. 2016, 81, 11035-11042. [CrossRef]

Stanton, D.T.; Baker, ].R.; McCluskey, A.; Paula, S. Development and interpretation of a QSAR model for in vitro breast cancer
(MCEF-7) cytotoxicity of 2-phenylacrylonitriles. J. Comput.-Aided Mol. Des. 2021, 35, 613—-628. [CrossRef]

Okcanoglu, T.B.; Kayabasi, C.; Siisliier, S.Y.; Giindiiz, C. The Relationship Between Long Non-Coding RNA Expressions and
Ponatinib in Breast Cancer. Cyprus |. Med. Sci. 2019, 4, 125-130. [CrossRef]

Benyettou, F; Fahs, H.; Elkharrag, R.; Bilbeisi, R.A.; Asma, B.; Rezgui, R.; Motte, L.; Magzoub, M.; Brandel, J.; Olsen, J.C.;
et al. Selective growth inhibition of cancer cells with doxorubicin-loaded CB[7]-modified iron-oxide nanoparticles. RSC Adv.
2017, 7, 23827-23834. [CrossRef]

Wan, X,; Hou, J; Liu, S.; Zhang, Y.; Li, W.; Zhang, Y.; Ding, Y. Estrogen Receptor « Mediates Doxorubicin Sensitivity in Breast
Cancer Cells by Regulating E-Cadherin. Front. Cell Dev. Biol. 2021, 9, 583572. [CrossRef] [PubMed]

Ahmed, M.M.; Anwer, M.K,; Fatima, F; Aldawsari, M.F,; Alalaiwe, A.; Alali, A.S.; Alharthi, A.I; Kalam, M.A. Boosting the
Anticancer Activity of Sunitinib Malate in Breast Cancer through Lipid Polymer Hybrid Nanoparticles Approach. Polymers
2022, 14, 2459. [CrossRef]

Korashy, H.M.; Belali, O.M.; Ansar, M.A.; Alharbi, N.O. FoxO3a is essential for the antiproliferative and apoptogenic effects of
sunitinib in MDA-MB231 cell line. Anticancer Res. 2016, 36, 6097—-6108. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.joc.6b01922
https://doi.org/10.1007/s10822-021-00387-5
https://doi.org/10.5152/cjms.2019.819
https://doi.org/10.1039/C7RA02693E
https://doi.org/10.3389/fcell.2021.583572
https://www.ncbi.nlm.nih.gov/pubmed/33614637
https://doi.org/10.3390/polym14122459
https://doi.org/10.21873/anticanres.11200

	Introduction 
	Materials and Methods 
	Synthesis of the Monolithic 3D-SiO2@Zn/Pd@K2SiO3 Catalyst 
	3D-Printed SiO2 Monolith Support Fabrication 
	Surface Activation and Impregnation 
	Surface MOF Growth and Metalation 
	Impregnation with Potassium Silicate 
	Pyrolysis 

	Techniques and Equipment for Catalyst Characterization 
	Chemistry 
	Synthesis of Precursors 10 and 11 
	General Procedure for Double Heck Reactions (Compounds 8, 15, 16, 17, 25, 26, 27) 
	General Procedure for Double Stille Reactions (Synthesis of Compounds 23, 24, 29, 30, 31, and 32) 
	General Procedures for Suzuki Reactions 
	Hot Filtration Test and Recyclability 

	Anticancer Activity In Vitro 
	Cell Lines and Cell Culture Conditions 
	Cell Viability 


	Results and Discussion 
	Design of the Chemical Library 
	Design and Synthesis of the 3D-SiO2@Pd@K2SiO3 Catalyst 
	Design of the 3D-Printed Catalytic System 
	Synthesis of the Catalyst 

	Characterization of the Catalyst 
	Results of Catalytic Activity 
	Cytotoxic Activity of Substituted Isatins in HeLa, MDA-MB-231, and MCF-7 Cell Lines 

	Conclusions 
	References

