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Synthesis of new multivalent metal ion
functionalized mesoporous silica and studies
of their enhanced antimicrobial
and cytotoxicity activities
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In the present study, we have reported the synthesis of a transition metal (Me = Ti, V, and Pd)

incorporated into MCM-41 mesoporous molecular sieves (Si/Me = 20) synthesized by the sol–gel

method. Their physicochemical properties were studied in detail by standard techniques like low angle

powder X-ray diffraction (XRD), scanning electron microscopy-energy-dispersive X-ray spectro-

scopy (SEM-EDXS), transmission electron microscopy (TEM), N2 adsorption/desorption studies, and

thermogravimetric-differential thermal (TG-DTA) analysis and spectral studies like Fourier transform

infrared spectroscopic analysis (FT-IR), diffuse reflectance ultraviolet-visible spectroscopic analysis

(UV-Visible-DRS), and X-ray photoelectron spectroscopy (XPS). The XRD patterns prove that the

material’s phase identity is the same irrespective of metal incorporation. SEM displayed the uniform

shape and size of the nanoparticles. The presence of elements such as Ti, V, Pd, Si and O in respective

materials is revealed using the EDXS analysis. Around 30% weight loss arose upon calcination from room

temperature to 800 1C. BET surface area analysis presented that the parent materials have a high

surface area (1024 m2 g�1) which was reduced upon metal incorporation. FT-IR analysis exhibited the

framework vibrations of the synthesised materials. UV-Visible-DRS analysis indicated the presence of

tetrahedrally coordinated transition metal ions. The multivalent-metal-ion-functionalized mesoporous

materials showed significant enhancement in potent antimicrobial and anticancer activity. The

antimicrobial activity is because of its low lipophilicity, which no longer allows the materials to enter via

the lipid membrane. Thus, the new materials neither obstruct the metal-binding sites nor inhibit the

growth of microbe enzymes. Further, the results show that the transition metal ion-containing

mesoporous materials possessing good anticancer activity arising from their excessive surface area to

volume ratio provided appropriate association with a tumour cell due to the direct penetration of

mesoporous materials into the cell wall, causing membrane damage and cell death.

1. Introduction

Due to the outstanding structural features of mesoporous
compounds, such as large surface area, pore volume, ordered

and uniform pore networks with even and precise pore archi-
tecture, facile surface functionalities, stable physicochemical
behavior, superior mechanical strength and thermal stability,
they have been found to be promising materials for various
applications1–4 in many areas of technology, such as gas storage,
catalysis, adsorption/separation, sensors, chromatography, solar
cells, optoelectronics, light-harvesting5–13 and other essential areas
of science. Mesoporousmaterials are biocompatible and non-toxic;
this fantastic property offers these materials applicability in bio-
technology, including their role as biomaterials for sensing, drug
delivery and bone tissue regeneration technologies.14–16 Extreme
efforts have been made to engineer multiple transition element-
incorporated porous silicate frameworks to modify the structure,
catalytic behaviour and physicochemical properties of the
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mesoporous matrices. Due to the low toxicity of silica-based
porous materials and their capability to host a range of fluo-
rescent indicators, dyes and drugs, they can be used to track the
location of therapeutic agents and their activity.17–23 Meso-
porous materials are attractive tools for anti-cancer treatment.
The use of mesoporous materials as anti-cancer drug vehicles
can possibly enrich the cytotoxicity of chemotherapeutic agents
with improved efficiency in targeting the malignant tissues
rather than healthy tissues.24 The problem of targeting healthy
cells instead of cancer cells can be tackled with the use of
mesoporous materials along with chemotherapeutic agents.
Mesoporous silica materials have been tested before use for
bio-applications.25–32 The current research trends in modern
science involve incorporating single or multiple metal ions into
porous structured materials. From past literature, it was found
that mesoporous silica materials containing different metal
and metal oxides were widely studied and they were found to
be eco-friendly, and hence used widely in multiple industries
in various catalytic transformations.33 Mesoporous silica has
been used as a support for different metals due to its unique
characteristic features, such as the flexibility of its tetrahedrally
coordinated silicon atoms and accurate control of its hydrolysis
condensation, allowing for more thermal stability and lower
reactivity. Also, the metals and heteroatoms incorporated inside
the framework are stabilised and increase the fixing capacity
toward different functional groups.34,35 The above special features
favour mesoporous silica for multiple catalytic applications.

As platinum group metals are expensive and hard to obtain
at a low price, researchers have been targeting non-platinum
groups in advanced anticancer research. Few researchers have
also focused on various transition metals for biotic purposes.
Recent studies on the non-platinum group metals have
explained the exhibition of noticeable in vivo and in vitro

activities in counter to several tumour cells. Compounds based
on transition metals such as vanadium (V), titanium (Ti),
copper (Cu), ruthenium (Ru), tin (Sn) and rhodium (Rh) have
proved to possess chemotherapeutic potential. Of these transi-
tion metal-based compounds, vanadium compounds have been
recognised to accomplish therapeutic applications, such as
anti-diabetic, anti-HIV, and anticancer properties, and are also
concerned in various biological developments, like cell growth.
The transition metal complexes of Ti, V, Fe, Au, Ru, Sn, and Mo
have been revealed to have in vivo and in vitro antitumor
activity, but Ru and Ti have been most effective, gathering
collective interest for clinical trials. Because of the lesser harm
and smaller quantity of critical aspect outcomes shown by Ti(IV)
materials compared to different transition metals, Ti(IV) substances
are exceptional options for therapeutic applications.36–38 From
recent research trends, there have been many remarkable
improvements in the anti-cancer chemistry of palladium-based
mesoporous materials. Palladium(II) compounds are isoelectronic
and isostructural with platinum(II) and are prominent potential
anticancer agents; in some cases, they have been more active than
cisplatin.39 The present work employs synthesis of Ti-, V-, and
Pd-metal-ion-functionalized mesoporous materials through the
sol–gel method, detailed characterisation of the synthesised

materials using different physicochemical techniques, and
studies of their anti-microbial and anti-cancer activities.

2. Experimental section
2.1. Materials and methods

Synthesis of pure siliceous mesoporous molecular sieve material
was executed in a glass beaker by a modified sol–gel method.40,41

In this unique synthesis, 2.40 g of surfactant cetyltrimethyl-
ammonium bromide (CTAB, CH3(CH2)15N(CH3)3Br, 99%,
Sigma-Aldrich) was liquefied in 50.00 mL of double-distilled
water (DDW) and constantly stirred to form a clear homoge-
neous solution. To 13.00 mL of 25 wt% aqueous ammonia
(Merck), 76.00 mL of ethyl alcohol (Merck) was added. At the
same time, 10.00 mL of tetraethylorthosilicate (TEOS, 99.9%,
Sigma-Aldrich) was added dropwise to the above mixture while
stirring. The solution turned milky and a gel formed because
of the hydrolysis of TEOS. The solution was stirred for about
two hours to hydrolyse TEOS completely. The formed white
precipitate was centrifuged and washed repeatedly with double
distilled water (DDW) and methanol. The product desiccated in
the air overnight at 110 1C. The resultant product was calcined
at 550 1C in the air for five hours to eradicate the surfactant.
Metal ion functionalized mesoporous silica was synthesised by
following the same method as defined for mesoporous silica
with the addition of suitable quantities (Si/M ion ratio of 100) of
metal precursors 20 minutes after TEOS was added. Titanium
tetraisopropoxide, vanadyl acetylacetonate and palladium
acetate were used as Ti, V, and Pd sources, respectively.

2.2 Sample characterization

The low-angle powder X-ray diffraction patterns were recorded
on an Ultima IV diffractometer (M/s, Rigaku Corporation,
Japan) with Ni-filtered Cu Ka radiation (l = 1.54178 Å) at
30 mA and 40 kV and within the 2y range of 0.1–51 with a step
size of 0.0081 and a scan rate of 0.51 per minute. Transmission
electron microscopy (TEM) images of the samples were ana-
lysed using a JEOL JEM2100 TEM instrument (Australia) with
an acceleration voltage of 200 kV. The surface morphological
studies and elemental analysis (SEM/E-DAX) were carried out
using a scanning electron microscope (TESCAN, VEGA 3 LMU
instrument, South Korea). An STA 2500 Regulus NETZSCH
instrument (Japan) was used for the thermogravimetry-
differential thermal analysis (TG-DTA) studies. The pore size
and surface area characteristics of the samples were charac-
terised under liquid nitrogen at 77 K using a Quanta Chrome
Nova-1000 (USA) surface analyser instrument; the de Boer t-plot
and Brunauer–Emmett–Teller (BET) methods were used to
determine pore volume and surface area, respectively. Fourier
transform infrared spectra (FT-IR) samples were recorded
(PerkinElmer, Spectrum 100, USA) using 1 : 10 KBr pellets for
10 scans at room temperature. Ultraviolet-visible diffuse reflectance
(UV-Vis-DRS) spectra of the samples were recorded on a Thermo
Scientific Evolution 300 UV-Visible spectrophotometer (USA)
with BaSO4 reference. X-ray photoelectron spectroscopic (XPS)
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analysis was performed using a Thermo Fisher Scientific
Theta Probe Spectrometer (East Grinstead, UK) for elemental
quantification.

2.3 Anti-microbial activity

0.5 mL of 24 h-old bacterial culture was spread on a plate and in
wells filled with either 600 mg mL�1 or 900 mg mL�1 MCM-41,
Ti-MCM-41, V-MCM-41 and Pd-MCM-41 compounds, followed
by incubation at 25 1C. After 24 h, good diffusion was observed
and the anti-microbial activity was measured. NAM plots were
prepared for two Gram-negative (Escherichia coli, Salmonella

paratyphi) and two Gram-positive (Bacillus subtilis, Staphylococcus
aureus) bacteria. Zone of inhibition (ZOI) were calculated using
the HI antibiotic zone scale.

2.4 Cell culture and cell viability analysis

Human chronic myeloid leukaemia cell line K562 cultivated in
RPMI1640 (Lonza, India) was complemented with 10% fetal bovine
serum (FBS) (Hi-Media, India) and antibiotics (Lonza, India).

Fig. 1 (A) Low angle and (B) wide-angle X-ray diffraction patterns of meso-

porous silica and transition metal ion functionalized mesoporous silica.

Fig. 2 Scanning electron micrographs of the types of mesoporous silica materials and their elemental analysis.
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Adherent cell lines HeLa and MCF7 were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) medium (Lonza, India) supple-
mented with 10% FBS (Hi-Media, India) and antibiotics (Lonza,
India). To assess cell viability, HeLa and MCF7 cells were cultured
at 2000 cells per well and K562 Cells were cultured at 5000 cells
per well in a 96-well plate. A stock solution of silica nanoparticles
was prepared at 20 mg ml�1 in DMSO and cells were treated
in triplicate with concentrations of 10 mg mL�1, 20 mg mL�1,
50 mg mL�1, and 100 mg mL�1. After 48 hours, cell viability was
assessed using Alamar blue reagent (BioSource, India) using a
Bio-Rad plate reader.42 For morphological assessment, HeLa and
MCF7 cells were cultured at 10000 cells per well and treated with

10 mg mL�1 and 25 mg mL�1 of particles for 48 h. Untreated cells
were taken as a control and all cells were imaged under the light
microscope at a magnification of 20�.

3. Results and discussion
3.1. X-ray diffraction pattern

The X-ray diffraction (XRD) patterns of MS and MeMS (Me = Ti4+,
V5+, and Pd2+) samples showed only one low-angle peak for the
d100 plane at the 2y value of 2.21 corresponding to the mesophase
(Fig. 1).43 This result is characteristic of the long-range hexagonal
structure of MS. In the case of metal-incorporated MS, the
intensity of the peak is lower than that of the pure MS, suggesting
that the existence of metal ions obstructs the structure-directing
action of the template and varies the order of materials. The
inclusion of titanium into the structure of mesoporous materials
is indicated by the low angle peak, showing the occupancy of the
metal ion in place of Si ion. Some of the surface Si ions were
replaced isomorphously by the guest metal ions.

3.2. Scanning electronmicroscopy/energy dispersive X-ray analysis

The SEM-EDAX images revealed a spherical morphology with
uniform particle size for MS, Ti-MS, V-MS and Pd-MS (Fig. 2).
The presence of metal ions in the framework was confirmed by
EDAX results,44 indicating that the morphology remains unaltered
even after the incorporation of various metal ions (Fig. 2).

3.3. Transmission electron microscopy

TEM images of calcined MS, Ti-MS, V-MS, and Pd-MS are shown
in Fig. 3. The corresponding micrographs unveiled the presence

Fig. 3 Transmission electron micrographs of various types of MS mole-

cular sieves (MCM-41 = MS).

Fig. 4 Thermogravimetric/differential thermal analysis of various types of MS molecular sieves.
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of well-defined and ordered channels of characteristic fringes
and uniform hexagonal arrangements visible in all of the micro-
graphs. All four figures show a well-developed long-range order of
hexagonal structures and a regular two-dimensional hexagonal
pore structure for all the samples. The TEM images verify that
the Ti-MS nanoparticles are clean segments with tiny and well-
ordered mesoporous channels. The small shaded spots demon-
strate that Ti has particle sizes around 3 nm and 6 nm.45 It is
suggested that most of the Ti, V, and Pd atoms are outnumbered
by the Si atoms in the framework of the MS structure, as those
atoms could not be identified in TEM images.46

3.4. Thermogravimetry/differential thermal analysis

The as-synthesized MS (Fig. 4a (MS), Fig. 4b (Ti-MS), Fig. 4c
(V-MS) and Fig. 4d (Pd-MS)) revealed distinct weight losses for
various metal incorporations when analysed by thermogravi-
metry/differential thermal analysis. It was observed that when
the metal substance increases, there is a reduction in organic
substance and an increase in water substance. Thus, weight
loss was higher in the low-metal substance of MS compared to

the high-metal substance. The TG/DTA profiles of the siliceous
MS in nitrogen atmosphere showed three distinct stages
of weight loss observed in the temperature ranges 50–150 1C,
150–350 1C and 350–550 1C. The first weight loss observed at

Table 1 Thermogravimetric endo- and exothermic weight loss of various mesoporous materials

Mesoporous
materials

Endothermic weight
loss (25–150 1C)

Exothermic weight
loss (151–350 1C)

Exothermic weight
loss (351–550 1C)

Residual
mass (%)

Total weight
loss (%)

MCM-41 3.1 24.3 6.4 66.3 33.8
Ti-MCM-41 3.9 20.4 5.9 69.9 30.2
V-MCM-41 2.5 19.9 3.6 74.0 26.0
Pd-MCM-41 3.7 19.3 10.0 67.0 33.0

Fig. 5 N2 adsorption and desorption curves of various calcined MS

molecular sieves.

Table 2 Textural properties of various MCM-41 molecular sieves

Material SBET (m2 g�1) Pore size (Å) Pore volume (cc g�1)

MCM-41 1023.5 17.2 0.28
Ti-MCM-41 942.3 16.6 0.24
V-MCM-41 831.23 15.8 0.15
Pd-MCM-41 731.12 16.3 0.18

Fig. 6 Fourier transform infrared spectra of various calcined MS molecular

sieves.

Fig. 7 Diffuse reflectance-ultraviolet-visible spectra of various calcined

MS molecular sieves.
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50–150 1C is due to desorption of physisorbed water and
ethanol occluded inside the mesopores.47 The binary weight
loss seen in the range of 150–350 1C was attributed to the
oxidative disintegration of the template.48 The final weight loss
in the temperature range 330–550 1C is the decomposition of
leftover surfactant and loss of condensed water. After 550 1C,
there was no exothermal peak, which indicates that the tem-
plate was eradicated at this stage. The textural characteristics of
these materials are listed in Table 1.

3.5. BET-surface area

The nitrogen adsorption–desorption isotherms of MS materials
are displayed in Fig. 5. The surface areas of different calcined
MS materials were calculated from a BET adsorption isotherm.
It was noticed that the adsorption follows a typical type-IV

adsorption isotherm, indicating mesoporosity.49 The surface
areas of the metal-containing MS are found to decrease with the
incorporation of metals (Table 2). Pore size and pore volumes
decreased slightly upon metal incorporation in MS. Low angle
powder XRD results support this observation.

3.6. Fourier transform infrared spectroscopic analysis

The Fourier transform infrared spectra of MS and metal-
incorporated MS are shown in Fig. 6. The FT-IR spectra of pure
MS samples showed absorption bands at 1643 cm�1 and
3408 cm�1 for hydroxyl groups50–52 and asymmetric stretching
vibrations at 1072 cm�1 and 1228 cm�1 for Si–O–Si bond
linkages. The band at around 964 cm�1 is ascribed to Si–OH
vibrations. The band at 794 cm�1 resembles that of free silica
and the absorption peaks around 450 to 795 cm�1 are mostly

Fig. 8 X-ray photoelectron spectra of various MS type molecular sieves.
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due to bending vibrations of Si–O–Si bonds. The uncalcined MS
sample displays a shallow intense band at 2926 cm�1,53 related
to the C–H stretching of the hydrocarbon chain of the surfactant.
In the case of calcined mesoporous materials, the peaks corres-
ponding to C–H stretching vibrations disappeared, indicating the
complete removal of template cetyltrimethylammonium bromide
from the framework.

3.7. Diffuse reflectance ultraviolet-visible spectroscopy

The ultraviolet-visible spectra of various MS type molecular
sieves revealed a band centred at 210 nm (Fig. 7) which was
ascribed to a low-energy charge-transfer transition. The band in
the range of 260–280 nm suggests the existence of small
quantities of polymerised M–O–M types in higher co-ordination
co-existing through the tetrahedral metal sites.54 The absence of
an absorption band distinguishing a new octahedral framework
metal at approximately 600 nm in samples indicates that there
are no separate octahedral species.

3.8. X-ray photoelectron spectroscopy analysis

The surface composition and interaction between general
elements in the MCM-41, Ti-MCM-41, V-MCM-41 and Pd-MCM-41
structures were characterised by X-ray photoelectron spectro-
scopy (XPS). XPS is a powerful technique used to investigate the
electronic properties of the species formed on the surface and
provides information about their chemical state in terms of
quantitative effects. XPS allows us to define the binding energy
of the atoms in the sample and describe the dependence
between the shared electron pairs of individual atoms. This
technique can identify any changes in binding energy values of
electrons on the core–shell after any chemical changes in the
atoms’ backgrounds. As a consequence, XPS spectral peaks
visibly shift with changes in energy; this chemical shift defines
the types of chemical bindings between the atoms of the sample.

From the XPS data for the MCM-41, Ti-MCM-41, V-MCM-41
and Pd-MCM-41 samples shown in Fig. 8 and Table 3, the
major peaks for MCM-41 include C 1s, N 1s, O 1s, and Si 2p
signals at 284.98, 402.89, 532.78, and 103.38 eV, respectively.
From the spectrum for Si photoelectrons from the 2p energy
level, we can observe only one type of XPS signal with no shift in
binding energy. For Si 2p, the binding energy of 103.38 eV
suggests connections with oxygen by Si–O linkages in SiO4

4�

units. Similarly, the binding energy of O 1s (532.92 eV) suggests
that its atoms are connected with silicon in the Si–O coupling.55

XPS spectra were recorded for detailed investigation of the
chemical states of the elements on the surface of Ti-MCM-41.
The major peaks in the Ti-MCM-41 spectra for C 1S, N 1S, O 1s,
Si 2p, and Ti 2p were observed at 285.03, 402.91, 532.92, 103.52
and 458.65 eV, respectively. The Ti 2p XPS spectra consisted of
double peaks (Ti 2p1/2 and 2p3/2) for which the binding energies
were 464.4 and 458.65 eV, respectively, characteristic of Ti4+.56

The rich Ti(IV) sites in the framework, which provide weak
Lewis acid sites on the surface, and the mesoporous structure
with large pore diameter are significant advantages for enhan-
cing the catalytic properties of these Ti-MCM-41 materials. The
binding energy of O 1s of Ti-MCM-41 sample presents only one

intense peak at 532.92 eV, which corresponds to the O 1s of
Si–O–Si linkages.57 We further use XPS to evaluate the surface
composition and chemical states of vanadium species. The
major peaks in the V-MCM-41 spectra for C 1S, N 1S, O 1s, Si
2p, and V 2p are observed at 285.01, 402.76, 532.65, 103.21 and
516.60 eV, respectively. As shown in Fig. 8, the XPS spectrum of
the V 2p region of the V-MCM-41 sample has a peak centred at
516.60 eV corresponding to V4+.58 The significant peaks in the
Pd-MCM-41 spectra for C 1S, N 1S, O 1s, Si 2p, and Pd 3d are
observed at 284.96, 402.84, 532.75, 103.36 and 335.93 eV,
respectively. The XPS spectrum of Pd-MCM-41 exhibits two
peaks at 337.8 and 342.2 eV, respectively assigned to Pd 3d3/2
and Pd 3d5/2, corresponding to Pd(II). The palladium species
were bonded with one or two oxygen atoms to form Pd–O and
–O–Pd–O– units.59

3.9. Anti-microbial and anti-cancer activity

Differential anti-microbial activity was displayed by MS, Ti-MS,
V-MS and Pd-MS toward the four bacterial strains. Interestingly,
Ti-MS (ZOI at 900 mg ml�1: E. coli 15 mm and S. paratyphi

16 mm) and V-MS (ZOI at 900 mg ml�1: E. coli 13 mm and
S. paratyphi 22 mm) revealed extreme activity against Gram-
negative bacteria while Pd-MS showed maximum activity
toward Gram-positive bacteria (ZOI at 900 mg ml�1: B. subtilis
17 mm and S. aureus 18 mm) (Table 4). However, MS does
not display a significant difference in activity between Gram-
positive and Gram-negative bacteria (Table 4). The excess
deactivation varies with metal ion and is further supported by
the surfactants and silicate species present in the as-
synthesized molecular sieves. The antimicrobial activity occurs
because the low lipophilicity causes the materials to not enter
through the lipid membrane. Hence, the materials neither
obstruct the metal-binding sites nor inhibit the growth of
microbial enzymes.

Cell viability analysis revealed potent anti-cancer activity for
MCM-41, Pd-MCM-41, V-MCM-41 and Ti-MCM-41 against three

Table 3 Quantitative results of XPS analysis for MCM-41, Ti-MCM-41,

V-MCM-41 and Pd-MCM-41

Sample Name Peak BE FWHM (eV) Area (P) CPS (eV) Atomic (%)

MCM-41 C 1s 284.98 1.55 72093.42 28.7
N 1s 402.89 1.46 6572.36 1.7
O 1s 532.78 1.72 292781.30 47.8
Si 2p 103.38 1.79 55577.76 21.8

Ti-MCM-41 C 1s 285.03 1.50 74703.56 30.6
N 1s 402.91 1.44 6158.36 1.6
O 1s 532.92 1.68 280071.51 47.4
Si 2p 103.52 1.76 49549.57 20.2
Ti 2p 458.65 1.49 2770.97 0.2

V-MCM-41 C 1s 285.01 1.63 81171.40 32.4
N 1s 402.76 1.41 6781.83 1.7
O 1s 532.65 1.72 279816.12 46.2
Si 2p 103.21 1.80 48319.89 19.2
V 2p 516.60 2.76 11026.78 0.6

Pd-MCM-41 C 1s 284.96 1.54 62194.45 29.5
N 1s 402.84 1.40 5860.61 1.8
O 1s 532.75 1.69 242619.68 47.7
Si 2p 103.36 1.78 44273.00 20.9
Pd 3d 335.93 2.05 2817.48 0.1
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cell lines, HeLa, MCF7 and K562. The activity of these four
compounds varied according to the cell type tested. For example,
MCM-41 displayed two-fold higher activity in cervical cancer cell
line HeLa (IC50 = 7.3 � 0.5) than in breast cancer cell line MCF7
(IC50 = 19 � 1) and leukemic cell line K562 (IC50 = 21.3 � 0.5)
(Table 4). Pd-MCM-41 and Ti-MCM-41 were more active against
K562 (IC50: Pd-MS = 7 � 0, Ti-MS = 4 � 0) than HeLa (IC50: Pd-
MS = 10.6 � 1.1, Ti-MS = 11.6 � 1.1) and MCF7 (IC50: Pd-MS =
17.3 � 2.0, Ti-MS = 18.3 � 0.5) cell lines (Table 3). Interestingly,
V-MS displayed more activity in HeLa (IC50 = 6.3 � 0.5) and

MCF7 (IC50 = 4.3 � 0.5) cell lines than in the K562 (IC50 =
10.6 � 0.5) cell line (Table 5). In agreement with cell viability
data, these compounds also displayed significant morphological
changes in both HeLa and MCF7 cell lines (Fig. 9).

Further, the results show that mesoporous materials con-
taining transition metal ions exhibit useful anticancer activity
after their large surface area to volume ratio provided appro-
priate association with a tumour cell, with direct penetration
of mesoporous materials hooked on the cell wall causing
membrane damage and cell death. The anticancer activity of
palladium compounds is a direct result of their quick hydro-
lysis, but they cause more risk in biological fluids. This might
lead to the necessary detachment, establishment of very reac-
tive palladium species and disintegration before entering the
cell, because the palladium species cannot attain the target
disease cells.60 The high oxidation state of Ti(IV) in titanium
mesoporous compounds could inhibit oxidation in the body.
The anticancer activity of the titanium-containing mesoporous
materials is governed by lipophilicity and membrane penetr-
ability, because they have to cross the hydrophobic cell membrane

Table 4 Anti-microbial activities of MS, Ti-MS, V-MS, and Pd-MS

S. no.
Name of the
mesoporous material

Conc.
(mg ml�1)

Zone of inhibition (in mm)

Escherichia coli Salmonella paratyphi Bacillus subtilis Staphylococcus aureus

1 MS 600 7 8 9 9
900 10 15 14 14

2 Ti-MS 600 8 11 10 8
900 15 16 13 13

3 V-MS 600 9 15 6 3
900 13 22 12 11

4 Pd-MS 600 9 9 12 15
900 13 10 17 18

5 Standard
(streptomycin)

50 18 18 18 18
100 26 26 26 26

Fig. 9 Morphological changes in HeLa and MCF7 cell lines with various MS molecular sieves (MCM-41 = MS).

Table 5 Anti-cancer activity of various MS type molecular sieves

S.
no.

Name of the
mesoporous
material

IC50 (mg mL�1)

HeLa MCF7 K562

1 MS 7.3 � 0.5 19 � 1 21.3 � 0.5
2 Pd-MS 10.6 � 1.1 17.3 � 2.0 7 � 0
3 V-MS 6.3 � 0.5 4.3 � 0.5 10.6 � 0.5
4 Ti-MS 11.6 � 1.1 18.3 � 0.5 4 � 0

Daunorubicin 0.18 � 0.04 mM 0.39 � 0.01 mM 0.2 � 0.02 mM
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to reveal their biological activity. Earlier studies on pharmaco-
kinetics showed that lipophilicity leads to enhanced penetrability
across the cell membrane and causes better impact.61–65 The open
framework and neutral charge on the titanium mesoporous silica
allows the passive dispersal of titanium ions into cancer cells,
influencing the anticancer activity. Previous reports on anticancer
activity stated that vanadium ions might intercalate with Lewis
base sites of DNA base pairs and cause vanadium–DNA inter-
actions. This results in passive diffusion of vanadium ions into the
cancer cells and indicates anticancer activity. These studies signify
that the vanadium mesoporous silica was effectively bound to the
phosphate groups present in the nucleotides, which led to anti-
cancer action.66

4. Conclusions

Novel mesoporous antimicrobial and anticancer molecular sieves
containing Ti, V, and Pd were synthesised by a new procedure.
Comparatively, this room temperature sol–gel synthesis is simpler
in reaction conditions and lower in crystallisation time than the
conventional hydrothermal method. The morphological and
structural properties were studied in detail. The MS were found
to possess potential antimicrobial and anticancer activity.
A plausible mechanism for their biological activity was described.
The transition-metal-containing mesoporous materials are highly
helpful for biological applications as inert silica supports.
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