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Abstract. Polyoxometalate (POM) based gels are synthesized by reacting POMs with an excess of caprolactam.
These POM-entrapped caprolactam gels are thermoreversible and possess good mechanical strength. The
gelation of POMs in caprolactam matrix brought the gel acidity similar to the physiological pH. The cytotoxicity
studies on SCC 131 cell lines using these gels show 50% of cell death in the range of 2 to 6 mM concentration in
48 h. The supramolecular caprolactam matrix with active protons and the redox property of POMs are responsible

for the cytotoxicity effect.
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1. Introduction

Polyoxometalates (POMs) are nanosized metal-oxide
clusters, which have diverse applications in the fields
like, medicine, magnetism, optics and catalysis.! The
properties and applications of POMs can be enhanced
many folds by modification or functionalization of
POM units. POMs can be covalently functionalized
with desired organic groups or modified by protonic
exchange with organic cations producing novel POM-
based hybrid materials.?> These hybrid materials are
best used in the field of heterogeneous catalysis.%’
POMs can form soft gel type materials.*'? For instance,
the self-assembly of a polyoxomolybdate cluster and
[PACL, (PhCN),] produced a birefringent gel, with the
anisotropic arrangement of ions in the material.®
Recently, poly(urethane amide) modified Anderson
type POM-based gelator showed self-assembly to form
high-ordered single molecular layer ribbons.” Later, a
supramolecular POM gel made up of nano-rolls contain-
ing polymerized butanone and esters, self-assembled
with Dawson-type POMs was reported. '° In this regard,
it is important to note that the POMs can form
polyoxometalate-based ionic liquids with long chain
quaternary ammonium and phosphonium ions.
Vanadium-substituted POMs have formed gel-type
materials with pyridinium-based ions. This series of
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gels are thermo-reversible and conductive. Hence, they
are used as gel electrolytes. !> POMs are also seen to
get encapsulated in a self-assembled carboxy-methyl-
chitosan hydrogel, which has physiological pH.'* Such
gels can be expected to show biological activity. The
reason for the softness of these materials is that the long
chains present in the cationic moiety increase the d-
spacing.

The POMs are known to exhibit anticancer, antibac-
terial and antiviral properties. For instance, Keggin-type
silicotungstate modified with pipemedic acid
{[Co(PPA),]H,[SiW,04]} - HPPA - 3H,O,  showed
antitumoral activity towards MCF-7 cells.'* Similarly,
tri-organic-tin-substituted germanotungstate showed an
anticancer effect in hepatocarcinoma H22 mice cell
lines. '° The highly negative charged POMs like As; W 4,
SboW,; and the Keggin-type Ks5[SiVW,;0,4] showed
bacteriocidal and bacteriostatic activity on Helicobac-
ter pyroli cells.'® However, the instability of POMs in
water at physiological pH, strong acidity and toxicity
of POMs is impeding their clinical use from several
years. This led to a multidisciplinary challenge. Hence,
several methods are being developed to overcome such
undesirable effects of POMs. There are some limited
reports, in which POMs have been encapsulated in some
polymer matrix in order to reduce toxicity and improve
biological activity.!”! So far, biopolymers like chi-
tosan and starch are used for encapsulation and nano
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carriers of POMs.?* In a recent study by Rejinold
et al., a thermoresponsive polymer, chitosan-g-poly(N-
vinylcaprolactam) is used for cancer drug delivery. >
In another report, amino caprolactam derivatives were
shown to exhibit \-secretase inhibitors which can be a
potent drug for Alzheimer’s disease.?’

In our earlier report, Keggin-based POMs, such as
phosphotungstic acid and phosphomolybdic acid pro-
duced hybrid salts with e-caprolactam (CL).?® As a
continuation to our work, we have tried to entrap POMs
in caprolactam matrix. Here, we have increased the spac-
ing between the Keggin units by increasing caprolactam
concentration. The resultant gel materials are character-
ized and tested for POM cytotoxicity towards SCC131
cancer cell lines in dose and time-dependent manner and
the results are reported here.

2. [Experimental
2.1 Synthesis of POM-based gels

The Keggin-type POMs used in the present work are phos-
photungstic acid, H3PW 1,049 (PWA) and phosphomolybdic
acid, H3PMo1,049 (PMoA). Both the POMs were purchased
from Fisher Scientific, Mumbai and e-caprolactam from
Aldrich Chemicals, Bengaluru. The chemicals were of analyt-
ical grade and used as received. Equal volumes of POM and
caprolactam solutions (about 1:60 mole ratio) were mixed,
which resulted in immediate precipitation, as in the case
of hybrids reported in our earlier work, as shown in Fig-
ure l(I)c.28 The reaction mixtures were kept in the oven at
60 °C, so as to slowly evaporate the water. As water molecules

Figure 1. (A) Reaction scheme representing caprolactam
dimer (i), on reaction with POM (ii), producing hybrid salt
(iii) and gel (iv); (B) solid to gel transition from (a) to (h)
when 1 mole of PMoA reacted with 6, 10, 20, 30, 40, 50, 55
and 60 moles of caprolactam, respectively.
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escaped, the precipitate was broken down and a clear viscous
liquid was formed shown in Figure 1A(iv). The amount of
POM to caprolactam in terms of mole ratio has been opti-
mized and shown in Figure 1B. Viscous liquid formation was
observed from 1:30 (POM:CL) mole ratio (Figure 1B(d)). But
complete transformation of precipitate to clear liquid state was
achieved only at 1:60 POM:CL mole ratio. On cooling this
liquid to room temperature, it formed a homogeneous gel-like
material, as depicted in Figure 1A(iv). The gels formed with
PWA and PMoA were named as CLPW-gel and CLPMo-gel,
respectively.

2.2 Characterization

The JASCO FT-IR-4100 spectrophotometer was used to
record FTIR spectra of the starting materials and gels by KBr
pellet method at room temperature. Thermogravimetric anal-
yses (TGA) of the samples were performed on TA make TGA
(Perkin-Elmer) Q500 instrument under nitrogen flow at a lin-
ear heating rate of 10 °C per minute, from room temperature
to 900 °C. The phase transitions of the gels were tested on a
TA make DSC (Perkin-Elmer) Q200. Rheological measure-
ments were carried out for the gels using a stress-controlled
rheometer ANTON PAAR, Physica 301, Germany, having
cone-plate geometry of 25 mm diameter with a cone angle 2°.
The measurements were carried out with a gap size of | mm
at 25 °C, over a shear rate of 0.1 to100 s~ L.

2.3 Cytotoxicity assay

The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) is a modified colorimetric assay which mea-
sures the capability of viable cells to reduce yellow tetra-
zolium salt to soluble purple formazan product by mito-
chondrial reductases. Briefly, 5 x 103 cells for SCC131
were seeded equally using DMEM-HG (Dulbecco’s modified
Eagle’s medium - high glucose) containing 10% FBS (foetal
bovine serum), into 96-well plates as triplicates. 1 M stock
solution was made for the gels and their solubility at different
concentrations was tested in the cell culture growth media. It
was observed that the viscosity is retained in the media at con-
centrations higher than 100 mM. Taking this concentration as
the maximum, the cytotoxicity was evaluated at different con-
centrations lower to 100 mM. Cells at log phase were treated
with POM-based gels at 2-20 mM concentration range for a
period of 24, 48 and 72 h. After each treatment period, 10 pLL
of 5 mg/mL MTT solution in PBS was added to each well
and incubated at 37 °C for 4 h, and the formazan crystals in
each well were dissolved in 100 pL of dimethylsulphoxide.
Absorbance was measured at 570 nm with 650 nm as back-
ground using Spectramax M5 plate reader.

The cell viability was calculated using Absorbance (A) by
the formula:

%Cell viability
__ Absorbance (Avg. of triplicate sample values)

= 100
Absorbance (Avg. of triplicate control values)
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Figure 2. Gels showing thermoreversibility when heated to 60 °C and cooled to room temperature: (a)
CLPW-gel and (b) CLPMo-gel.
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Figure 3. FTIR spectra of (a) PWA, (b) CLPW-gel, (c)
caprolactam, (d) PMoA and (e) CLPMo-gel.

3. Results and Discussion

The POM-caprolactam hybrid salts, reported earlier,
are solid and hydrophobic. But the gels reported here
are soft and highly hydrophilic. These gels are ther-
moreversible, as they become clear viscous liquids on
heating to 60°C and gelled again on cooling to room
temperature, shown in Figure 2.

The high content of caprolactam in gels is well
witnessed by the presence of prominent peaks corre-
sponding to caprolactam in FTIR spectra, shown in
Figure 3. However, the Keggin signature peaks are also
seen clearly. The prominent peak at 798 and 788 cm™!
(Figures 3a, 3d) attributed to v (M-O.-M) in PWA
and PMoA is blue shifted to 816 and 807 cm™~! (Fig-
ures 3b, 3e), respectively, in their corresponding gels.
The shift can be interpreted as the edge-sharing oxygens
in Keggin moiety are interacting with the caprolactam.
However, the other peak values corresponding to Keg-
gin vibrations are found unchanged. The caprolactam
finger print region is still clearly noticed in the range of
1122-1780 cm™! and the stretching vibrations of C-H

and N-H bonds in caprolactam in the range of 2800-
3330 cm™'. The unchanged peak values in the gels, due
to the caprolactam moieties, are attributed to the pres-
ence of a dominant quantity of caprolactam in both the
gels.

The thermal behaviors of CLPW-gel and CLPMo-
gel are shown in Figure 4. Both gels show single step
decomposition in Figure 4A (a and b), which is sim-
ilar to pure caprolactam in Figure 4A (c). The gels
show slightly increased thermal stability because of the
homogeneous distribution of Keggin ions in caprolac-
tam matrix and equal interaction of Keggin with all
caprolactam units. Further, the gels are analyzed by
DSC, which show a single sharp endothermic peak at
61.7 °C for CLPW-gel and 57.3 °C for CLPMo-gel, cor-
responding to the melting points of the gels, is shown in
Figure 4B.

The viscoelastic and dynamic properties of the gels
are studied by rheological measurements. Figure 5
shows the frequency dependent rheological study of
the gels which display that the storage modulus (G')
is higher than the loss modulus (G”) throughout the
sweep. This indicates that the gels show solid like behav-
ior under the applied strain of 0.8% and the G/ and G”
are far apart without crossover point. Both the gels have
a good mechanical strength of the order of 10° Pa and
the CLPW-gel has higher mechanical strength compared
to CLPMo-gel. The dominant elastic behavior over vis-
cous nature of these gels is an important property to be
potential biomaterials.

3.1 Application of POM-CL gels for cytotoxic studies
on SCC131 cell lines

POMs are strongly acidic but their acidity approaches
to physiological pH (6.9 to 7.1) after gelation with non-
toxic supramolecular caprolactam matrix. This promp-
ted us to study the cytotoxic effect of these gels. The in
vitro screening for anti-cancer effect on head and neck
cancer cell lines, SCC131, by POM-based gels was ana-
lyzed. The cytotoxicity of these gels was evaluated by
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CLPMo-gel and (c) caprolactam.
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Figure 5. Rheological studies of (a) CLPW-gel and (b) CLPMo-gel, at an applied strain of 0.8%.
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Figure 6. Effect of POM-based gels on the viability of SCC131 cell lines. Cells were treated with indicated
concentrations of (a) CLPW-gel and (b) CLPMo-gel. The cytotoxic effect was determined by MTT assay.
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MTT assay and the results are shown in Figure 6. Cyto-
toxicity was observed in 24 h for both the gels. The
CLPW-gel showed cytotoxicity in 24 h, while CLPMo-
gel showed cytotoxicity with a minimum concentration
of 6 mM for the same duration. However, the IC50 val-
ues for CLPW-gel and CLPMo-gel ranged between 2—4
mM and 4-6 mM, respectively, at 48 h time point.

The mechanism of cytotoxicity by POMs involves
destructive interaction with cell membranes.*° The pro-
tons of PWA and PMoA, involved in the hydrogen
bonding in caprolactam, are possibly interacting with
the negatively charged cell membranes leading to the
discharge of intracellular components and subsequent
cell death. Besides, both POMs are redox active and can
oxidize the cell membrane, inhibiting rapid uncontrol-
lable cell multiplicity.*! However, the exact mechanism
of action and drug metabolism is being determined.

4. Conclusions

The transformation of caprolactam-POM hybrid salt to
gel is demonstrated by gradually increasing the capro-
lactam to POM mole ratio. The gels show thermore-
versibility. The v (M-O.-M) stretching is blue shifted
by about 18 cm™' revealing the interaction between the
Keggin units and caprolactam matrix. The pH of these
gels is similar to physiological pH which allowed us to
study the cytotoxicity effect on SCC 131 head and neck
cancer cell lines. Cytotoxicity was observed in as early
as 24 h for both the gels. The IC50 values for CLPW-gel
and CLPMo-gel at 72 h time point ranged between 2—4
mM and 4-6 mM, respectively.
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