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In the present study, hybrid drug delivery systems based on 12-tungstophosphoric acid and nano MCM-48

were developed to improve the bioavailability and dosing frequency of an antidiabetic drug, metformin

hydrochloride. The role of 12-tungstophosphoric acid as a functionalizing and capping agent was also

studied. An in vitro release study was carried out at pH 1.2 and pH 7.4 at 37 °C to see the effect of pH,

followed by a release kinetic study and the comparison of release profiles with a marketed drug,
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Glycomet-250. Further, a dissolution study was carried out using a type Il USP dissolution apparatus.

Taking into consideration the anticancer activity of metformin hydrochloride, an MTT assay using HepG2

DOI: 10.1039/d5ra034509g cells was performed, and

rsc.li/rsc-advances

1. Introduction

Metformin hydrochloride (MTF), classified as a class III drug in the
Biopharmaceutics Classification System (BCS), is a biguanide anti-
hyperglycaemic drug that is often used in the treatment of diabetes
mellitus type I (DMT2).! MTF operates by improving the insulin
sensitivity, boosting the lipid metabolism, inhibiting the hepatic
gluconeogenesis, decreasing the risk of developing fatty liver, and
minimising the body weight and cardiovascular problems.>*

In 1932, the association between diabetes and cancer was
discovered accidently; however, the current clinical research
demonstrates a two-way relationship between diabetes and
cancer, and it shows that diabetic patients are prone to developing
cancer.* However, interestingly, recent studies have suggested
a link between the hypoglycaemic drugs and cancer. Therefore,
according to clinical, epidemiological, and preclinical studies,
MTF could potentially be able to stop the development of cancer
cells. The mechanism behind the anticancer effects of MTF has
been explored. A review of the literature reveals that several
animal model studies claim that the use of MTF alone or in
combination with radiation therapy can reduce tumour growth.
MTF often inhibits mammalian target of rapamycin (mTOR)
activity by activating ATM (ataxia telangiectasia mutated), LKB1
(liver kinase B1), and AMPK (AMP-activated protein kinase), which
in turn inhibit cell growth and protein synthesis.””

However, MTF, on the other hand, has poor intestinal
absorption owing to its high water solubility. Due to its poor
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it was found that the customised system can dramatically reduce
hyperglycaemic conditions and exhibit potential activity towards HepG2 cells.

pharmacokinetics, including a low bioavailability of 50-60% as
well as a short half-life of 3-4 h, a high dose (1.5-3 g day ') is
frequently required, which causes adverse effects including
lactic acidosis and gastrointestinal (GIT) irritation. Conse-
quently, frequent administration of substantial amounts of
MTF results in decreased patient compliance and a higher
incidence of adverse effects such as anorexia, diarrhoea, vom-
iting, and nausea.'™" As a result, numerous nanotechnological
approaches have been explored that improve drug bioavail-
ability and minimize the demand for repeated administration.

Over the last two decades, nanomedical breakthroughs have
improved the approach of developing mesoporous silica nano-
particle (MSN)-based drug delivery systems (DDSs), which
significantly enhance the drug delivery efficacy due to their
known advantages."”” Furthermore, due to the abundance of
active sites of surface silanol groups (Si-OH) in MSNs, signifi-
cant efforts have been made to modify the surface of MSNs with
active moieties, such as antibodies and peptides, and specific
ligands, such as mannose, hyaluronic acid and folic acid.**®
Thus, literature reveals that the surface of MSNs has been
functionalized using organic moieties, and hence, it would be
interesting to use an inorganic moiety for functionalization. In
this direction, heteropolyacids (HPAs) are one of the excellent
candidates due to their known advantages.

HPAs represent an emerging class of inorganic metal oxides,
which over the last decades demonstrated promising biological
activities by virtue of their great structural diversity which
includes size, surface charge distribution, acidity and redox
potential. They are oxoanions of transition metal ions, such
as V, Mo, W, Nb, and Pd, and in the series of different types of
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HPAs, the Keggin-type HPAs are stable and easy to synthesis. It
is reported that the Keggin-type HPAs exhibit antibacterial,
antiviral, anti-protozoal, anticancer, and antidiabetic proper-
ties, which resulted in anticipation for their application as bi-
oinorganic medications. A review of the literature reveals that
12-tungstophosphoric acid (TPA), a Keggin type of HPA, has
been reported to have potential  biological
applications.”?* Studies on diabetic mice and rats have previ-
ously focused on polyoxotungstates and the tungsten metal
alone, and in small animals, tungstate has been shown to
restore pancreatic beta cell activity and increase insulin secre-
tion.>® TPA was therefore chosen as the functionalizing agent to
functionalize the surface of MSNs from the perspective of
medicinal chemistry.

Thus, this work aims to reduce the severe side effects of MTF
and enhance its efficacy via a developed drug delivery system
based on 12-tungstophosphoric acid (TPA)-functionalized
MCM-48 nanoparticles (nMCM-48), as shown in Fig. 1. Three
DDSs were developed and compared to see whether TPA acts
better as a capping or as a functionalizing agent. The developed
DDSs were characterized by various physiochemical techniques.
An in vitro release study was carried out in both the Simulated
Body Fluid (SBF) and the Simulated Gastric Fluid (SGF), and the
obtained release profile was compared to that of the marketed
available formulation Glycomet-250 using a USP type II disso-
lution apparatus. Various models including the zero-order, first-
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Fig. 1 Illustration of the unique properties of NMCM-48 and hetero-
polyacid as well as its advantages as a drug delivery system to over-
come the limitations of metformin hydrochloride.
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order and Higuchi were studied to assess the drug release
kinetics and mechanisms. Finally, the anticancer potential of
MTF against the liver cancer cell line (HepG2) through the MTT
assay was evaluated.

2. Experimental section

2.1. Chemicals and reagents used

12-Tungstophosphoric acid, tetraethylorthosilicate (TEOS),
ethanol, and liquor ammonia (25%) were procured from Merck.
Metformin hydrochloride (MTF) was received from Sigma
Aldrich. Cetyltriethylammonium bromide (CTAB) was
purchased from Lobachemie, Mumbai. Glycomet-250,
a commercially accessible formulation of MTF (each tablet
with an active dose of 250 mg of the medication), was obtained
from medical store. All the chemicals acquired were of the A. R.
grade and utilized without any further purification.

Preparation of the release medium:

Two different release media were prepared, namely, simu-
lated body fluid (SBF) and simulated gastric fluid (SGF), repre-
senting the pH of gastric and human blood plasma. Therefore,
SBF was prepared by dissolving 400 mg of NaCl, 10.7 mg of KCl,
72.5 mg of Na,HPO,, and 12.5 mg of KH,PO, in 250 mL of
distilled water, while SGF was prepared by dissolving 6.2 g of
concentrated HCI in 1000 mL distilled water.

2.2. Synthesis of 12-tungstophosphoric acid (TPA)
functionalized nMCM-48

nMCM-48 was synthesised following the procedure previously
reported by our group.>*** Briefly, CTAB (2.4 g) was added to
distilled water (50 mL) and allowed to dissolve completely at
35 °C. To this, ethanol (50 mL) and 25% liquor ammonia (15.4
mL) were added. The mixture was then stirred for a duration of
15 to 20 min. Additionally, TEOS (3.4 g) was added dropwise,
and the mixture was stirred for 2 h. Following filtration,
distilled water rinsing, room-temperature drying, and 6 h of
calcination at 550 °C, a white material was obtained. The
resulting white material was designated as nMCM-48.

2.3. Functionalization of nMCM-48 with 12-
tungstophosphoric acid (TPA)

nMCM-48 was functionalized with TPA by an incipient wet
impregnation method, as previously reported by our group.”**
First, 1 g of nMCM-48 was functionalized with 30% of TPA (0.3 g
in 30 mL of distilled water) and then dried at 100 °C for 10 h.
The obtained material was designated as TPA/nMCM-48
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Scheme 1 Schematic illustrating the synthesis of NMCM-48 and its
subsequent functionalization using TPA.
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(Scheme 1). The synthesis yield of TPA/nMCM-48 was found to
be 92.3%.

2.4. Loading of MTF into the nanocarriers

MTF was loaded using a solvent immersion technique. nMCM-
48 (20 mg) were ultrasonically dispersed in 20 mL solution of
MTF in distilled water (MTF concentration = 1 mg mL ") for
10 min to ensure uniform dispersion. Following that, the
suspension was then stirred for 24 h at room temperature. After
a period of 24 h, the drug loaded nanoparticles were isolated via
ultracentrifugation and the supernatant was collected sepa-
rately, while the solid drug-loaded nanoparticles were washed
with acetone twice to remove the untrapped MTF. Finally, the
particles were air-dried and the obtained material was desig-
nated as MTF/nMCM-48. Similarly using the same method,
MTF was loaded into TPA/nMCM-48 and the obtained material
was designated as MTF/TPA/nMCM-48 (Scheme 2).

The amount of MTF loaded was measured by collecting the
supernatant solution. The amount of unloaded MTF in the
supernatant solution was determined spectrophotometrically
using a PerkinElmer Lambda 35 UV-Visible spectrophotometer
at a wavelength of 234 nm. Therefore, the % entrapment effi-
ciency was calculated for MTF/nMCM-48 and MTF/TPA/nMCM-
48, respectively, using the following equation:

(Ec — ES)

100
E

% Entrapment efficiency =
where E. indicates the concentration of MTF taken, while Eg
indicates the concentration of MTF in supernatant.

2.5. Capping of MTF/nMCM-48 by TPA

In order to assess the effect of TPA on the release rate of the
drug, another system was synthesized by capping MTF/nMCM-
48 using TPA. To put it briefly, a 30% aqueous solution of TPA
(0.3/30 g mL " distilled water) was used to cap 1 g of MTF/
nMCM-48, and the obtained material was designated as TPA/
MTF/nMCM-48.

2.6. Characterization of the synthesized nanocarriers

A Shimadzu instrument (IRAffinity-1S) was used to record the
FTIR spectra in the range of 400-4000 cm ™. Using a hydraulic
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Scheme 2 Schematic of step-wise synthesis and loading of drug-
loaded materials.
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pellet press, the samples were compressed to create pellets
using the KBr pellet method. Using a transmission electron
microscope, JEOL TEM apparatus (Model-JEM 2100), the
surface morphology of the synthesised materials was recorded.
With a 200 kV electron beam, the TEM micrographs of the
materials were recorded using a carbon-coated copper TEM
grid. The SEM analysis was carried out using the Model-J]SM
5610 LV EDS-SEM analyzer. Using a Mettler Toledo Star SW
7.01 instrument in a nitrogen atmosphere, the samples were
subjected to thermogravimetric differential thermal analysis
(TG-DTA) at temperatures between 50 and 800 °C, at a flow rate
of 2 mL min~' and a heating rate of 10 °C per minute. A
comprehensive characterization study of TPA/nMCM-48 and
nMCM-48 has been incorporated in our previous research work.
However, FT-IR spectroscopy, SEM, TEM, and TGA are included
in the current work for comparison as well as for reader's
convenience.

2.7. Invitro evaluation of release profiles

To investigate the in vitro release, a soaking method was
employed. Two extreme pH values (pH-7.4, SBF and pH-1.2,
SGF) were employed as releasing media to represent the
extreme pH conditions encountered in the human body,
namely, the highly acidic environment of the stomach and the
neutral physiological pH of the systemic circulation. Then 5 mg
of MTF/nMCM-48 was suspended in 10 mL of release medium
(SBF or SGF), and the mixture was constantly stirred at 37 °C. To
assess the quantity of MTF released, aliquots were obtained
from the release media at various time intervals. An equivalent
amount of completely fresh release media was used to replace
each sample that was removed. The amount of MTF released by
the other systems was estimated by using the same method-
ology. The amount of MTF released in each of the release media
was measured using a PerkinElmer Lambda 35 UV-Visible
spectrophotometer at a wavelength of 234 nm. The relation-
ship between cumulative MTF release against time was plotted.

2.8. Dissolution study using USP paddle apparatus

The evaluation of in vitro dissolution was carried out following
the guidelines established by the USP. Using a USP type-II
dissolution apparatus (Rotating Peddle), the in vitro dissolu-
tion studies were carried out. Both pH 7.4 and pH 1.2 were used
as the dissolving media, which were maintained at 37 °C + 0.5 °©
C. At predetermined intervals, a 3 mL aliquot was removed and
replaced with an equal volume of the release medium. The drug
content was measured in the samples using a UV spectropho-
tometer (PerkinElmer Lambda 35 UV-Visible spectrophotom-
eter) set to 234 nm.

2.9. Invitro cytotoxicity study protocol

The MTT assay is a simple colorimetric assay developed by
Mosmann to measure the metabolic (mitochondrial) reductive
competence of cells, which is an indicator of cell viability.*®
Cytotoxicity assays are typically applied for in vitro cytotoxicity
evaluations due to their easy handling and low cost. To evaluate
the cytotoxicity of the synthesised compounds against the
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HepG2 cell line, which is employed as a model for human
hepatocellular carcinoma, the modified method of the colori-
metric MTT assay was used in this study for cytotoxicity testing.
To sum up it briefly, HepG2 cells were grown in Dulbecco's
modified Eagle's medium (DMEM), which was enriched with
1% Himedia antibiotic/antimycotic solution and 10% foetal
bovine serum (FBS). The growth environment was maintained
in a CO, incubator at 37 °C with a 5% CO, level. The cells were
cultured until reaching confluence, separated using Himedia's
0.25% trypsin—-EDTA solution, plated in 96-well plates at
a density of 10000 cells per well, and then incubated for an
additional 24 h to promote cell adhesion. After incubation, the
cells were exposed to various doses of the synthesized material
(25, 50, 100, and 200 ug mL ") for a duration of 24 h.
Immediately after completion of the treatment, a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT
solution (5 mg mL ™) was added to the medium containing the
compounds, and the mixture was incubated for an additional
4 h. Following the incubation period, formazan crystals were
dissolved in 100 pL of DMSO, and the absorbance was assessed
using an ELISA plate reader set at 570 nm. The relative percent
viability was computed using the following formula, with the
viability of the untreated control being considered as 100%:

(test samples absorbance)
(control absorbance)

% Cell viability = x 100

3. Results and discussion

3.1. Solid-state characterization of the synthesized
nanocarriers

Fig. 2 and Table 1, respectively, indicate the major FT-IR bands
and frequencies for each material (nMCM-48, TPA, TPA/nMCM-
48, MTF, MTF/nMCM-48, MTF/TPA/nMCM-48, and TPA/MTF/
nMCM-48), along with their corresponding FT-IR spectra. The
successful synthesis of nMCM-48 is illustrated by the charac-
teristic peak for Si-O-Si symmetric stretching. Successful
functionalization with TPA is confirmed by the fingerprint
bands, which indicate that the primary structure of TPA
remains unchanged even after impregnation.”*** Two prom-
inent bands, corresponding to the secondary and primary
amines, were seen at 3371 cm™ ! and 3291 cm ™' in the FTIR
spectra of pure MTF.”” A distinctive band, attributed to C-N
stretching, was observed at 1457 cm™". In case of MTF/nMCM-
48, the peak at 471 cm™" associated with the Si-O bending
vibration suggests the interaction of the drug with the silica
framework of nMCM-48. FTIR studies revealed that funda-
mental peaks of the MTF corresponding to C-N and C=N
stretching at 1636 and 1457 cm™ ' were retained in MTF/nMCM-
48 with a slight shift in the peaks from 935, 1063 and 2821 to
958, 1094 and 2854 cm ™', showcasing the successful loading of
MTF into nMCM-48. The FT-IR spectrum of MTF/TPA/nMCM-48
shows the presence of all the corresponding characteristic
peaks at 469, 787, 1092, 1640 and 2856 cm ™', showing a strong
interaction between MTF and TPA/nMCM-48 with structural
retention of TPA even after loading. Similarly, TPA/MTF/nMCM-
48 exhibits a shift in the characteristic peaks of TPA at 890 and
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Fig. 2 FT-IR spectra of (a) NMCM-48, (b) TPA, (c) TPA/nMCM-48, (d)
MTF, (e) MTF/nMCM-48, (f) MTF/TPA/nMCM-48, and (g) TPA/MTF/
nMCM-48.

987 cm ™', along with changes in the peaks at 1079, 1622, 471
and 593 cm ™, corresponding to the distinctive peaks of MTF
and nMCM-48. These shifts confirm the successful capping
with TPA.

The TEM images of nMCM-48, TPA/nMCM-48, MTF/nMCM-
48, and MTF/TPA/nMCM-48 are captured at different magnifi-
cations, as shown in Fig. 3. The TEM images of the synthesised
nMCM-48 effectively illustrate the nanoporous architecture of
the material by depicting porous channels as alternate black
and white stripes. It displays the uniformly sized, well-
organized pore networks (Fig. 3(a and e)). As shown in
Fig. 3(b and f), darker spheres were seen in the case of TPA/
nMCM-48 compared to nMCM-48. This suggests that TPA has
been equally distributed throughout the pores. Additionally,
loading with the drug demonstrates consistent dispersion of
MTF in the case of MTF/nMCM-48 (Fig. 3(c and g)) and MTF/
TPA/nMCM-48 (Fig. 3(d and h)), with no morphological modi-
fication or aggregation. This is further supported by the SEM
images.

The SEM images (Fig. 4) show that all the particles have
a spherical morphology with a uniformly distributed particle
size. Even after the introduction of TPA, the SEM images of TPA/
nMCM-48 show no apparent morphological change, confirming
the fine dispersion of TPA. Furthermore, TPA/MTF/nMCM-48
shows no discernible morphological change following TPA
capping, suggesting its uniform dispersion after capping.

The TGA and DTA curves for nMCM-48, TPA/nMCM-48, MTF,
MTF/nMCM-48 MTF/TPA/nMCM-48 and TPA/MTF/nMCM-48
are shown in Fig. 5. The TGA plot of nMCM-48 reveals an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 FT-IR bands of the synthesized materials
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Compound Major peaks (cm ™) Corresponding bands
nMCM-48 462 Si-O bending vibration

578 Si-O-Si symmetric stretching

1100, 1250 Si-O-Si asymmetric stretching
TPA 800 W-0

987 W-0-W bending

1088 P-O symmetric stretching
TPA/nMCM-48 810 W-0

956 W-0O-W bending

1249 Si-O-Si asymmetric stretching
MTF 3371 Secondary amine

3291 Primary amine

3170 N-H stretching

1624 C=N stretching

1416 C-N stretching
MTF/nMCM-48 471 Si-O bending vibration

1636 C=N stretching

1457 C-N stretching
MTF/TPA/nMCM-48 467 Si-O bending vibration

787 W-0

960 W-O-W bending

1640 C=N stretching
TPA/MTF/nMCM-48 593 Si-O-Si symmetric stretching

987 C=0O0 stretching

1622 C=N stretching

o2y

Fig.3 TEM images of (a and e) nMCM-48, (b and f) TPA/nMCM-48, (c
and g) MTF/nMCM-48 and (d and h) MTF/TPA/nMCM-48.

Fig. 4 SEM images of (a and d) MTF/nMCM-48, (b and e) MTF/TPA/
NMCM-48 and (c and f) TPA/MTF/nMCM-48.

initial weight loss of 8.9% up to 110 °C, which could be related
to physically absorbed water molecules desorbing, and a final
weight loss of less than 1% up to 400 °C, which is related to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TG-DTA plots of (a) nMCM-48, (b) TPA/nMCM-48, (c) MTF, (d)
MTF/nMCM-48, (e) MTF/TPA/nMCM-48 and (f) TPA/MTF/nMCM-48.

silanol groups in the nMCM-48 condensing. Adsorbed water is
responsible for the first weight loss of 8.1% up to 115 °C di-
splayed in the TGA of TPA/nMCM-48. Crystalline water mole-
cules found in the Keggin unit are responsible for the second
weight loss of 0.6% up to 200 °C. In contrast to MTF/nMCM-48
and MTF/TPA/nMCM-48, whose TGA curves display overall

RSC Adv, 2025, 15, 33657-33666 | 33661
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losses of 15% and 18%, respectively, the TGA curve of MTF
displays a loss of 65%. MTF/TPA/nMCM-48 results in a greater
quantity of weight loss, which may be related to its increased
drug entrapment efficiency. The DTA curves of MTF showed
a typical sharp endothermic peak at 230 °C due to melting,
which also corresponded to an endothermic volatilization of the
hydrogen chloride molecule and the C,N;H; fragment. This was
followed by an exothermic decomposition peak at 255 °C, which
was attributed to the exothermic release of the H4N, fragment.?®
For the MTF/nMCM-48 and MTF/TPA/nMCM-48, both the
exothermic and endothermic peaks of MTF are diminished due
to interaction with the carrier which shows the successful
loading of the drug.

3.2. Invitro evaluation of release study

It was determined that MTF/nMCM-48 and MTF/TPA/nMCM-48
have entrapment efficiencies of 90% and 92%, respectively.
Owing to the terminal oxygen bond present in TPA, a greater
amount of the drug may be loaded, leading to better entrap-
ment efficiencies, which justifies the higher amount of drug
loading obtained in case of MTF/TPA/nMCM-48.

3.2.1. Effect of drug carrier ratio. The drug carrier ratio
played an important role both in terms of amount of drug
release and in terms of entrapment efficiencies as shown in
Table 2. It was interesting to note that when the release study
was carried out employing a drug carrier ratio (drug/carrier) of
1/1 and at pH 1.2, a very slow release was obtained, i.e., at the
end of 10 h, only 11.4% of the drug was released, as shown in
Fig. 6. Eventually, it was thought to change the drug/carrier ratio
from 1/1 to 0.5/1 to see the effect of ratio on the release rate. At
the end of 10 h, 24.6% MTF was released and comparatively
a faster release was obtained. Therefore, to further optimize the
release study, the amount of drug taken for loading was
decreased and a drug/carrier ratio of 0.1/1 was obtained. In this
case, a substantial amount of drug release was obtained at the
end of 10 h (67.4%), and therefore, the ratio 0.1/1 was optimised
for carrying out the release studies. Moreover, upon changing
the drug carrier ratio, there was a significant decrease in the
amount of drug loading, respectively, upon decreasing the
amount of drug. This trend was obtained because when the
amount of drug is more, the pores are completely filled, and
hence, it becomes difficult for the drug molecules to diffuse out
due to less available space. Accordingly, when the amount of
drug is decreased, it becomes easier for the drug molecule to
diffuse out, and eventually, a faster release is obtained. The
same trend was observed when the release study was carried out
at pH 7.4, as shown in Fig. 7.
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Fig. 7 Comparison of the in vitro release profiles using different drug
carrier ratios: (@) 1:1and (b) 0.1:1 at pH 7.4.

3.2.2. Effect of the pH and role of TPA on drug release. In
order to see the effect of pH on release profile, the release study
was also carried out in a simulated gastric fluid (SGF, pH-7.4)
and compared with release profiles obtained in a simulated
body fluid (SBF, pH 1.2), as shown in Fig. 8 and 9, respectively.
According to the overall results for all three systems: MTF/
nMCM-48, MTF/TPA/nMCM-48, and TPA/MTF/nMCM-48,
a slower drug release was found at pH 1.2 compared to pH
7.4. This might be because the amino group of the MTF was
protonated at pH-7.4, which means that the amino group is no
longer present to form hydrogen bonds with the Si-OH group
on the surface of the materials. As a result of this weakening of
the MTF-material interaction, quicker release can be observed
in SBF.

By comparing the release patterns of MTF from MTF/TPA/
nMCM-48 and TPA/MTF/nMCM-48 at both pH 1.2 and pH 7.4,
the effect of TPA as a functionalizing and capping agent was

Table 2 Effect of drug carrier ratio and entrapment efficiency on % release
Sr. no. Materials Drug: carrier % Entrapment efficiency % Release (after 10 h)
1 MTF/TPA/nMCM-48 1:1 99.0 11.4
0.5:1 96.0 24.6
3 01:1 92.0 67.4
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Fig. 8 In vitro release profiles of (a) MTF/nMCM-48, (b) MTF/TPA/
NMCM-48 and (c) TPA/MTF/nMCM-48 at pH 7.4.
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Fig. 9 In vitro release profiles of (a) MTF/nMCM-48, (b) MTF/TPA/
NMCM-48 and (c) TPA/MTF/nMCM-48 at pH 1.2.

studied. According to the results, 43% of the drug was initially
released from MTF/TPA/nMCM-48 and 50% of the drug was
released from TPA/MTF/nMCM-48 at pH 7.4. After 10 h, 72% of
the medication was released from the MTF/TPA/nMCM-48
system, whereas 77% was released from the TPA/MTF/nMCM-
48 system, indicating a more rapid release. Comparably, at pH
1.2, initially, 37% of MTF is released from MTF/TPA/nMCM-48,
while almost 75% of the drug is released from TPA/MTF/nMCM-
48. After 7.5 h, 97% of the drug is released from TPA/MTF/
nMCM-48 and only 67% is released from MTF/TPA/nMCM-48.

Thus, it is interesting to see that as compared to MTF/
nMCM-48 and TPA/MTF/nMCM-48 systems, drug release
occurs more slowly and efficiently in the MTF/TPA/nMCM-48
system. A potential explanation for the obtained pattern could
be that the free terminal oxygen of TPA increases the possibility
of a more favourable interaction with MTF resulting in more
controlled release. This is presented in Scheme 3, the interac-
tion involved between nMCM-48, TPA and the drug from the
perspective of point of zero charge (PZC). The pH value (7.4) of
nMCM-48 is higher than the PZC of silica, ~2-3, and hence the
surface charge of nMCM-48 is negative.”*** As a result, upon
functionalization, the negatively charged surface of nMCM-48
interacts with that of the available protons of TPA and the
terminal oxygen of TPA will interact with the available protons
of the drug after loading it.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 FT-IR spectrum of (a) TPA/nMCM-48, (b) MTF/TPA/nMCM-48
after release study and (c) TPA/MTF/nMCM-48.

According to the release study, TPA only behaves as a func-
tionalizing/capping agent, which was further confirmed by the
FTIR spectra of MTF/TPA/nMCM-48 (Fig. 10), which was carried
out after the release study. The spectra resemble that of TPA/
nMCM-48 and TPA/MTF/nMCM-48 (Fig. 2), suggesting that
TPA functions primarily as a functionalizing/capping agent and
maintains its structural integrity during the drug release.

3.2.3. Comparison of the developed DDS with marketed
available formulation. The superiority of the developed DDS, as
shown in Table 3, was proven by comparing the release profiles
of MTF/TPA/nMCM-48 with that of the marketed available
formulation, Glycomet-250 (Fig. 11). The release profiles
demonstrate that Glycomet-250 exhibits extremely rapid drug
release, with nearly all of the drug being released by the end of
the 2 h in both SBF and SGF. However, a significantly slower
release is achieved with our developed DDS. It was observed that
by the end of 10 h, almost 67% and 72% of the drug is released
at pH 1.2 and pH 7.4, respectively. The observed trend in the

Table 3 Comparison of the release profiles

% Release (37 °C, stirring condition,
at the end of 10 h)

Sr.no. Formulations pH-1.2 pH-7.4
1 Marketed formulation 96 (at 2.5 h) 95 (at 2.5 h)
MTF/TPA/nMCM-48 67 72
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Fig. 11 Comparison of the in vitro release profiles of Glycomet-250 at
(@) pH 7.4 and (b) pH 1.2, as well as the release profiles of MTF/TPA/
NMCM-48 at (c) pH 7.4 and (d) pH 1.2.

data is due to the presence of the terminal oxygen bond on
heteropolyacids, which is capable of holding the drug for an
extended period of time and cause the drug to be released at
a slower rate.

3.3 Dissolution study using a USP paddle apparatus

The rate of drug release is measured by a dissolution test. The
underlying principle of this approach is that drugs must
dissolve in the aqueous contents of the gastrointestinal tract
prior to being absorbed. During the early phases of formulation
development, in vitro dissolution testing offers recommenda-
tions for maximising drug release. In general, dissolution
testing is essential to the development of new drugs since it
helps with everything from formula optimisation to perfor-
mance evaluation.®*

Consequently, an in vitro dissolution study of MTF/TPA/
nMCM-48 was carried out and the results were compared with
that of Glycomet-250, the commercially available formulation.
Upon analysing the release patterns (Fig. 12), it was observed
that nearly the whole active amount of the drug was released
from Glycomet-250 after 2.5 h in both SBF and SGF. However,
only 99.7% of the medication was released from MTF/TPA/
nMCM-48 after 10 h at pH 1.2 and 99.5% after 7.5 h at pH
7.4. Consequently, MTF/TPA/nMCM-48 showed a significantly
slower and better release profile than Glycomet-250.

(a) ; (b) (c) 47 (d)

00511522533544550556657 758859 9510
Time (h)

Fig. 12 Comparison of the in vitro dissolution release profiles of
Glycomet-250 at (a) pH 7.4 and (b) pH 1.2, as well as the release
profiles of MTF/TPA/nMCM-48 at (c) pH 7.4 and (d) pH 1.2.
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Table 4 Comparison of the release profiles

% Release (37 °C, stirring
condition, at the end of 10 h)

Sr. no. Systems pH-1.2 pH-7.4
1 Marketed formulation 96.4 (at 2.5 h) 98.2 (at 2.5 h)
2 MTF/TPA/nMCM-48 99.7 99.5 (at 7.5 h)

Table 4 illustrates that the release profiles obtained from the
in vitro release study are nearly identical to those obtained from
the dissolution study conducted with a dissolution apparatus.
This indicates that MTF/TPA/nMCM-48 behaves as a more
effective drug delivery system for the controlled release of MTF
than the commercially available formulation Glycomet-250.
This is substantiated by the fact that TPA functions as a func-
tionalizing agent, binding to the drug through the terminal
oxygen atoms and causing a delayed release.

3.4. Release kinetics models

The dissolution data were subjected to release kinetics study.
Different mathematical models have been used to analyze or
predict the release kinetics of a drug from the nanocarriers.
Since the release study obtained in the case of MTF/TPA/nMCM-
48 at pH 1.2 shows much slower release, and therefore, the
release kinetics for the same was only carried out. Drug disso-
lution from the nanocarriers has been described by kinetic
models in which the dissolved amount of drug (Q) is compared
to the function of the test time (¢). Some analytical definitions
and kinetic models of Q versus t used in the present scenario are
zero order, first order, and Higuchi, as shown in Table 5.24%%3537

Therefore, in terms of kinetics and mechanism, MTF release
from the MTF/TPA/nMCM-48 system adheres to zero-order
kinetics (Fig. 13) and the Higuchi model of diffusion.

3.5. Metformin and cancer: evidence from epidemiology

According to a significant body of epidemiological evidence,
MTF may be a therapeutic agent for cancer patients. Numerous
clinical trials on the anticancer activity of MTF are being con-
ducted for the treatment of cancer. Epidemiological and basic
investigations have shown that it may also prevent the devel-
opment of various types of tumours. Metformin has demon-
strated the ability to impede the growth of various tumour cells
in both in vitro and in vivo experiments; however, the exact
mechanism underlying this effect is still not well known.
Currently, the antitumor effect of MTF is known to be primarily
mediated by two major pathways.****

In order to prevent tumour cell growth, the first mechanism,
the I/IGF pathway, may lower the amount of I/IGF-1 in the
bloodstream and deactivate its downstream PI3K/Akt/mTOR
signalling pathways. The second mechanism, the AMPK sig-
nalling pathway, may make it easier for metformin to interact
with tumour cells directly by increasing AMPK and blocking
mTOR downstream.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Zero order First order Higuchi
Sr. no. Formulation Equation with R? value Equation with R? value Equation with R? value
1 MTF/TPA/nNMCM-48 0 = Kot, 0.9957 In(1 — Q) = —Kit, 0.9883 Q = Kytyyn, 0.9828

“ Where Q is the fraction of drug release at time ¢ and Ko, K;, and Ky are the release apparent rate constants in each model.
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Fig. 13 Release kinetic model of MTF/TPA/nMCM-48: (a) zero order,
(b) first order and (c) Higuchi model.

Therefore, it was deemed to be of interest to perform the in
vitro cytotoxicity (MTT Assay) of the developed DDS, MTF/TPA/
nMCM-48, and check its cytotoxicity, considering the anti-
cancer potential of MTF.

3.5.1. Evaluation of in vitro cytotoxicity. Fig. 14 shows the
% viability of HepG2 cells at different concentrations of MTF,
TPA/nMCM-48, MTF/nMCM-48 and MTF/TPA/MCM-48. In the
case of the pure drug and carrier, at a concentration ranging
from 25 to 500 ug mL ™", no such observable change in the %
cell viability could be seen. In the case of MTF/nMCM-48, at
a concentration ranging from 25 to 500 pg mL ™", %cell death
could be seen and =10% cell death could be observed at the
highest concentration (200 pg mL~'). However, MTF/TPA/
nMCM-48 clearly showed a decline in cell viability (70.3%),
with the highest percentage of cell death occurring at 250 pg
mL . As expected, MTF/TPA/nMCM-48 was shown to be more
toxic to cancer cells than MTF/nMCM-48. The results obtained

100 » MTF MTF/nMCM-48  m MTF/TPA/nMCM-48 TPA/nMCM-48

80
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50
40
30
20
10

o

25 50 1 200 500

00
Concentration (ug/mL)
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Fig. 14 Cytotoxicity assessment at different concentrations.

© 2025 The Author(s). Published by the Royal Society of Chemistry

from the assay are noteworthy, as they demonstrate that MTF/
TPA/nMCM-48 exhibited cytotoxicity towards HepG2 cells.
Therefore, the results obtained support the use of the developed
DDS against individuals with DMT2, who are at an increased
risk of developing cancer.

4. Conclusions

To summarise, for the first time, we reported the development
of nMCM-48 functionalized with an inorganic moiety for the
controlled release of MTF in order to address the shortcomings
of the drug. MTF/TPA/nMCM-48 release profiles are compared
to those of Glycomet-250 (marketed drug), and the results
demonstrated that the new system is superior and exhibits
more ordered and regulated release. Release profiles showed
that much controlled release was obtained in SGF, and TPA acts
more effectively as a functionalizing agent than a capping agent
as well as MTF release follows the zero-order release kinetics
followed by Higuchi model of diffusion according to the kinetic
study. Further, taking into account the anticancer potential of
MTF, the MTT assay using HepG2 cells showed a significant
decrease in % cell viability, and therefore, the designed drug
delivery system can be used to treat diabetic patients with
genetic history of malignancy. Thus, the developed DDS offers
a new and better approach of delivering MTF, thus encouraging
further development of this formulation, which could be
beneficial for treating both antidiabetic and anticancer
patients.
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