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The present work deals with the design of drug delivery systems based on 12-tungstophosphoric acid
(TPA)-functionalized MCM-48 nanoparticles (TPA/nMCM-48), for poorly soluble drug GLP. Two DDSs,
namely GLP loaded on TPA/nMCM-48 and capped by TPA, were designed and characterized by various
techniques. An in vitro release study of GLP was carried out in simulated body fluid (pH-7.4, 37 °C)

Received 2nd June 2022, under stirring conditions followed by the evaluation of the release kinetics and mechanism. The release

Accepted 29th August 2022 profiles of the designed DDSs were compared with the release profiles of a commercially available
formulation (Glynase) and GLP/nMCM-48. The comparison study indicates that TPA acts better as a

functionalizing agent rather than as a capping agent and when compared with the marketed
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Introduction

Diabetes mellitus type 2 (DMT2) is a metabolic disorder, which
is characterized by insulin resistance and deficiency, resulting in
high blood glucose levels, and is also known as non-insulin-
dependent diabetes. DMT2 is a complex disease that is associated
with numerous health issues, which include retinopathy, neuro-
pathy, nephropathy, and atherosclerosis, forcing the development
of new medications and improved dosage forms to help in
combating the disease. As a result, significant research attempts
have been aimed towards the implementation of novel pharma-
cological agents for the treatment of DMT2. In spite of the
availability of new agents, many physicians still prefer oral
sulfonylurea due to its high tolerance and low cost."™

Glipizide (GLP), an oral sulfonyl urea hypoglycaemic drug, is
prescribed to treat non-insulin-dependent diabetes. GLP
reduces blood glucose levels by stimulating insulin release via
the SUR1 receptor on K/ATP-sensitive channels found in pan-
creatic cells.*” As GLP is a weak acid (pK, = 5.9), practically
insoluble in water under acidic conditions, and highly perme-
able, the Biopharmaceutics Classification System, BCS, classi-
fies it as a Class II drug. Even though its bioavailability is nearly
100%, its short biological half-life (3.4 £ 0.7 hours) necessitates
its administration in two or three doses ranging from 2.5 to
10 mg per day.>® Owing to its poor solubility and short half-life,
the development of controlled delivery strategies could lead to
significant advantages in the clinical use of GLP. In this regard,
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formulation, GLP/TPA/nMCM-48 shows more controlled release of GLP with only 15% cytotoxicity.

9,10

several drug delivery systems (DDSs) including microspheres,
polymers,” ™ osmotic pump systems,'>® liposomes,"” hydrogels'® >
and emulsifiers”*' have been investigated already as drug
carriers for GLP.

In this direction, mesoporous silica nanoparticles (MSNs)
have emerged as an effective delivery system due to their ability
to enhance the bioavailability of lipophilic drugs. MSNs have
unique properties such as meso-nanoscale pores (2-50 nm),
variable pore sizes, and versatile morphological characteristics
(using tunable synthesis techniques). Furthermore, the func-
tionalization of MSNs increases the drug surface interactions
and helps in overcoming issues like poor solubility and short
bioavailability of poorly soluble drugs.*>*

However, it is observed that irrespective of any drug, MSNs
are only functionalized with organic groups such as alkyl,
phenyl, alkenyl, carboxyl, amino, hydroxyl, and sulphonyl.**
So, being an inorganic chemist, it was thought of interest to use
an inorganic moiety for functionalization and hence, polyox-
ometalates (POMs) were selected because of their already
reported biological activities both in vitro and in vivo, including
antitumor, antiviral, antimicrobial, and antidiabetic properties.
POMs are negatively charged metal-oxo clusters of high-
oxidation-state early transition metal ions [e.g., W(vi), Mo(vi),
V(v)]. A literature survey shows that 12-tungstophosphoric acid
(TPA), a Keggin type of POM, is mainly used in medicinal
chemistry.***?® Tungstate is indeed an oxyanion that has
demonstrated insulin-mimetic effects in isolated hepatocytes,
raising fructose 2,6-bisphosphate levels, combatting the effects
of glucagon on both fructose 2,6-bisphosphate doses and
6-phosphofructo-2-kinase activity, and boosting glycolytic flux.
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Polyoxotungstates and tungsten metal alone have previously
been studied in diabetic mice and rats. In small animals,
tungstate has been shown to regenerate pancreatic beta cell
function and stimulate insulin secretion.?*' The aim of the
present study is to design a DDS for the controlled release of
GLP. It describes the synthesis of TPA-functionalised nMCM-48
and its characterization by using various techniques such as
SEM, TGA, FT-IR and TEM. In vitro release studies of unfunc-
tionalized (nMCM-48), functionalized (TPA/nMCM-48) and
capped (TPA/GLP/nMCM-48) nanoparticles were carried out in
simulated body fluid (SBF, pH-7.4) at 37 °C under stirring
conditions to determine whether TPA acts better as a function-
alizing agent or as a capping agent for controlled release of GLP.
Under the same conditions, the release study of a marketed
available formulation of GLP, i.e., Glynase, was carried out and
furthermore it was compared with the release studies of the
synthesized materials. Different models, such as the zero order,
first order and Higuchi models, were also explored to study
the kinetics and mechanism. It is observed that the occurrence
of cancer in DMT2 patients is relatively higher than in the
general population. Recent pharmacoepidemiological studies
have revealed that prolonged use of anti-diabetic drugs may be
correlated with a lower risk of cancer in DMT2 patients. Long-term
use of some diabetes medications, such as gliclazide and glibencla-
mide alone or in combination with GLP, may result in a dose-
dependent reduction in the risk of developing cancer.**** Therefore,
to check the possibility of the designed DDS for the same, an MTT
(3-(4, 5-dimethylthiazol-2-yl}-2, 5-diphenyltetrazolium bromide)
assay of our designed DDS was performed using HepG2 cells.

Experimental
Materials

Glipizide was purchased from Sigma Aldrich. Cetyltriethylam-
moniumbromide (CTAB) was received from Lobachemie, Mumbai.
Tetraethylorthosilicate (TEOS), ethanol, 12-tungstophosphoric
acid and liquor ammonia (25%) were procured from Merck. The
marketed formulation of glipizide, ie., Glynase (each tablet con-
taining 5 mg of glipizide), was obtained from a pharmaceutical
store. The cells for human hepatocellular liver cancer (HepG2) were
acquired from the National Centre for Cell Science in Pune, India.
All chemicals purchased were of A.R. grade and were utilised with
no further purification.

Simulated body fluid. SBF was prepared by taking NaCl
(27 x 1073 M), KCI (5 x 10~* M), Na,HPO, (2 x 10> M), and
KH,PO, (3.6 x 107> M) in a 250 mL volumetric flask. All the
salts were dissolved in a small volume of distilled water and
then diluted up to 250 mL with the same.

Synthesis of nMCM-48

The synthesis of nMCM-48 was carried out by using a previously
reported procedure by our group.®* Briefly, 2.4 ¢ CTAB was
added to 50 mL of distilled water and allowed to dissolve
completely at 35 °C followed by the addition of 50 mL of
ethanol and 15.4 mL of 25% liquor ammonia. The solution
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was stirred for 15-20 minutes. Then, 3.4 g of TEOS was added
dropwise and the solution was stirred for 2 h. The resultant
white suspension was filtered, washed with distilled water,
dried at room temperature and calcined for 6 h at 550 °C.
The material thus obtained was designated as nMCM-48.

Functionalization of nMCM-48 using 12-tungstophosphoric
acid (TPA)

nMCM-48 was functionalized by TPA using an incipient wet
impregnation method. 1 g of nMCM-48 was functionalized
using 30% (0.3/30 ¢ mL™~" of distilled water) of TPA and then
dried at 100 °C for 10 hours. The obtained material was
designated as TPA/nMCM-48.

Loading of GLP into nMCM-48 and TPA/nMCM-48

To encapsulate GLP, a 1.0 mg mL ™' solution of GLP was
obtained by dissolving 20 mg of GLP in a 20 mL solution of
water:methanol (70 : 30) mixture. In 20 mL of the 1.0 mg mL ™"
drug solution, 20.0 mg of the carrier was suspended. This
solution was sonicated for 10 minutes to ensure uniform
dispersion before being stirred for 24 h at 37 °C to facilitate the
effective loading of the drug into the pores. After 24 h, the
particles were isolated from the solution using ultracentrifugation
and the obtained solid was washed with acetone twice thoroughly
to ensure the removal of excess drugs. Following that, the drug-
loaded particles were air-dried and stored. The material thus
obtained was termed as GLP/nMCM-48. The same procedure
was used to load GLP onto TPA/nMCM-48, and the resulting
drug-loaded material was termed as GLP/TPA/nMCM-48.

The amount of drug entrapped was calculated using the
absorbance of the loading media. A calibration plot for GLP at
274 nm was used to measure the concentration of free drug in
the supernatant. Using the following equation, the drug’s %
entrapment efficiency was calculated:

. D, — Dy
% Entrapment efficiency = CT x 100

c
where D, denotes the initial concentration of GLP taken, while D
denotes the concentration of drug in the supernatant solution.
The loading capacity of the drug was calculated using the
formula:

Total drug encapsulated
Weight of carrier

Loadingcapacity =

Capping of GLP/nMCM-48 by TPA

To understand the effect of TPA on release rate, the synthesized
GLP/nMCM-48 was capped by TPA by an incipient wet impregna-
tion method. Briefly, 30% aqueous solution of TPA (0.3/30 g mL ™"
of distilled water) was used for the capping of 1 g of GLP/nMCM-
48. The material thus obtained was designated as TPA/GLP/
nMCM-48.

Characterization

Solid state characterization. TGA and DTA were performed
using a TG-DTA 6300 INCARP EXSTAR 6000 in the temperature
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range of 30-500 °C with a heating rate of 10 °C min~" and
throughout the measurement a nitrogen atmosphere was main-
tained. The FT-IR spectra of the materials were recorded on
a PerkinElmer instrument using KBr pellets. A JSM 5610 LV
EDS-SEM analyser was used for the SEM analysis. A JEOL
TEM instrument (model-JEM 2100) with a 200 kV acceleration
voltage and a carbon-coated 200 mesh Cu grid was used for
transmission electron microscopy (TEM). The samples were
dispersed ultrasonically and sprayed on the grid before being
allowed to dry in air overnight. The detailed characterizations
related to nMCM-48 and TPA/nMCM-48 are already published
by our group; however, for comparison and the reader’s
convenience some of the characterizations are included here as
well.*?

Drug release study. The release curve was established by
plotting the amount of drug released with the progression of
time. At 274 nm, the drug content in each release medium
was measured using a PerkinElmer Lambda 35 UV-Vis spectro-
photometer. The drug release experiments were carried out in
SBF (pH-7.4). 5 mg of GLP/nMCM-48 was suspended in 10 mL
release medium and kept at 37 °C with constant stirring. To
determine the GLP release, aliquots from the release media
were obtained at various time intervals. Each sample that was
removed was replenished with the same amount of fresh
release medium. The same procedure was used for the GLP/
TPA/nMCM-48 system.

In vitro study - MTT assay. As mentioned in the introduction
section, long-term use of some antidiabetic drugs, such as
gliclazide and glibenclamide, may result in a dose-dependent
reduction in the risk of developing cancer. The reported studies
also provide direct substantiation of GLP in preventing cancer
involved with angiogenesis inhibition.>*?* As a result, we
thought it would be interesting to see if our designed DDS
helps in suppressing cancer or not; GLP/nMCM-48 and TPA/
GLP/nMCM-48 were evaluated for in vitro cytotoxicity via an
MTT assay using human hepatocellular liver cancer (HepG2)
cells. The cells were seeded (1 x 10° cells) in a T25 flask and
cultured in DMEM supplemented with 10% FBS and 1%
antibiotic-antimycotic solution, trypsinized every third day, and
subcultured with a TPVG solution. MTT dye was used to assess
cell viability. In 96 well culture plates, cells (7 x 10* cells per well)
were seeded and allowed to grow overnight. They were then
treated for 24 hours with the compounds under investigation at
doses ranging from 10 to 500 pg mL~". The wells were then filled
with 100 uL of MTT and incubated for 4 hours at 37 °C. Following
the treatment, the MTT solution was removed, and the formazan
was dissolved in 150 pL of DMSO. The absorbance was mea-
sured at 540 nm using a Multimode Reader (Synergy HTX Bio-
Tek Instruments, Inc., Winooski, VT) and the percentage cell
viability was calculated in comparison with the control. The
final data were determined by the average value of four
replicates for each sample. The cytotoxicity was expressed as
follows: cell viability (%) = (ODsampie/ODcontrot) X 100. ODgample
was the value of the DMEM medium with the drug-loaded
carriers and OD.gniro1 Was the value of the DMEM medium
without the drug-loaded carriers.
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Results and discussion
Solid state characterizations

The TGA curves corresponding to GLP/nMCM-48 and GLP/TPA/
nMCM-48 show overall weight loss of 26% and 57% in the
temperature range of 30-600 °C, respectively. The greater
amount of loss obtained in the case of GLP/TPA/nMCM-48
might be due to the greater amount of drug loaded and loss
of TPA. In the case of both nMCM-48 and TPA/nMCM-48, the
initial loss up to 100 °C may be attributed to the loss of water of
hydration. The remaining decomposition in the temperature
range of 100-600 °C could be due to the decomposition of the
organic moiety. The curve for TPA/GLP/nMCM-48 is almost
similar to that of GLP/nMCM-48 showing the successful cap-
ping using TPA. The TG-DTA curves (Fig. 1) give information
about the successful loading of the drug inside the nanocar-
riers. A sharp endothermic peak of the pure drug GLP,”
(Fig. 1(c)), was obtained at 207.5 °C, which corresponds to its
melting point. Meanwhile, in the case of the drug loaded
nanocarriers, the endothermic peak corresponding to the drug
is suppressed, which may be due to the strong bonding of the
drug with the carrier after loading resulting in a flattened peak
with reduced intensity. Thus, the thermal analysis using TG-
DTA implied that the functionalization with TPA and encapsu-
lation of GLP on nMCM-48 was successful.

The important assignments of the FT-IR bands with fre-
quency for all the materials and the FT-IR spectra (nMCM-48,
TPA, TPA/nMCM-48, GLP, GLP/nMCM-48, GLP/TPA/nMCM-48
and TPA/GLP/nMCM-48) are presented in Table 1 and Fig. 2,
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Fig.1 The TG-DTA curves of (a) nMCM-48, (b) TPA/nMCM-48, (c) GLP,
(d) GLP/nMCM-48, (e) GLP/TPA/nMCM-48 and (f) TPA/GLP/nMCM-48.

Thermal analysis shows the thermal stability of the drug delivery systems
and successful loading of TPA and GLP into nMCM-48.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 FT-IR bands of the synthesized materials

Compounds Major peaks (cm ™) Corresponding bands
nMCM-48 578 Si-O-Si symmetric stretching
1100, 1250 Si-O-Si asymmetric stretching
462 Si-O bending vibration
TPA 1088 P-O symmetric stretching
987 W-0O-W bending
800 W-0
TPA/nMCM-48 1249 Si-O-Si asymmetric stretching
956 W-0O-W bending
810 W-0
GLP 3320, 3253 N-H stretching
1160 S—0O
1690 C=0O0 stretching
1525 Aromatic vibrations
GLP/nMCM-48 470 Si-O bending vibration
1689 C=0O0 stretching
1529 Aromatic vibrations
GLP/TPA/nMCM- 471 Si-O bending vibration
48 945 W-0O-W bending
1529 Aromatic vibrations
TPA/GLP/nMCM- 595 Si-O-Si symmetric stretching
48 1634 C=0O0 stretching
1077 P-O symmetric stretching

respectively. The fingerprint bands demonstrate that the pri-
mary structure of TPA remains intact even after impregnation.
The FTIR spectra of GLP/nMCM-48 and GLP/TPA/nMCM-48
show bands that match with the frequencies of the corres-
ponding bands present in GLP. Thus, it can be presumed that
GLP was loaded into nMCM-48 and TPA/nMCM-48 successfully.
The spectra obtained for TPA/GLP/nMCM-48 show all the
respective corresponding peaks of TPA, GLP and nMCM-48,
indicating successful capping using TPA.

The SEM micrographs show the external morphology of the
nanocarriers (Fig. 3), which are almost spherical in shape and
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Fig. 2 The FT-IR spectra of (a) GLP, (b) GLP/nMCM-48, (c) GLP/TPA/
NMCM-48 and (d) TPA/GLP/nMCM-48. The FT-IR spectra show the
interaction between the molecules and the successful loading of TPA
and GLP into nMCM-48.
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Fig. 3 The SEM images of (a) NnMCM-48, (b) TPA/nMCM-48, (c) GLP/TPA/
NMCM-48, and (d) TPA/GLP/nMCM-48. The SEM micrographs show the
spherical morphology of the particles.

with uniform particle size overall. The SEM image of TPA/
nMCM-48 shows a homogeneous distribution of spheres and
no discernible change in the spherical morphology of nMCM-
48 even after TPA impregnation. This indicates that TPA has
indeed been finely dispersed into the pores. The morphology is
retained even after encapsulating and capping with the drug.

The TEM images show well-ordered porous networks with
uniform spherical morphology, which supports the nanoporous
structure of nMCM-48. The nanocarriers measured between 250
and 300 nm in size. TPA/nMCM-48 exhibited more dark spheres
(Fig. 4) than nMCM-48 indicating that TPA was evenly loaded
into the maximum number of pores possible. GLP dispersion is
also satisfactory in the cases of GLP/nMCM-48 and GLP/TPA/
nMCM-48. The TEM images of both the drug-loaded nano-
particles show an ordered porous structure with no agglomera-
tion, indicating that GLP is well dispersed in nMCM-48 and TPA/
nMCM-48. Even after functionalization with TPA and encapsula-
tion with GLP, the particles retained their morphology.

It is interesting to note that, on the basis of point of zero
charge (PZC), for nMCM-48, pH (7.4) is greater than the value of
PZC (PZC of silica is in the range of 2-3) and therefore, the
surface of nMCM-48 is negatively charged.’®*” As shown in
Fig. 5, the negatively charged surface of nMCM-48 will bind
with the available counter protons of TPA during functionaliza-
tion and furthermore, the hydrogen present in GLP will bind
with the available terminal oxygen of TPA. Similarly, during
capping the negatively charged surface of nMCM-48 will bind
with the hydrogen present in GLP and further it will bind with
the available terminal oxygen of TPA.

In vitro release study

The amounts of drug loaded per mg of the carriers, nMCM-48
and GLP/TPA/nMCM-48, were found to be 0.4 mg and 0.42 mg,
respectively. The % entrapment efficiency of GLP in nMCM-48

Mater. Adv,, 2022, 3, 8220-8228 | 8223
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Fig. 4 The TEM micrographs of (a) nMCM-48, (b) TPA/nMCM-48, (c) GLP/
NMCM-48 and (d) GLP/TPA/nMCM-48. Average particle size of () nMCM-48,
(f) TPA/nMCM-48, (g) GLP/nMCM-48 and (h) GLP/TPA/nMCM-48. The TEM
micrographs show the uniform spherical morphology of the particles.

Ny

Drug loaded nMCM-48

@ TPA 6 Terminal oxygen of
TPA

Fig. 5 A schematic illustration of the designed DDS and the interaction
between the molecules; (a) loading of GLP into TPA-functionalized
NMCM-48; (b) capping of TPA into GLP-loaded nMCM-48.

Capped drug loaded n(MCM-48 Y,

Available counter
protons of TPA
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was found to be 80%, while for TPA/nMCM-48 it was found to
be 84%. The higher percent entrapment efficiency obtained in
the case of TPA/nMCM-48 could be explained by the fact that
TPA has a free terminal oxygen bond, which enables it to bind
to a significantly larger amount of the drug. Since GLP has a
pK, value of 5.9 and it is insoluble in acidic media, as stated in
the introduction section, the release study was carried out in
SBF (at pH-7.4) at 37 °C under stirring conditions.

To determine the role of TPA and whether TPA acts as a
functionalizing or a capping agent, the following studies were
carried out: (i) the release profiles of GLP from GLP/nMCM-48
and GLP/TPA/nMCM-48 were studied, as shown in Fig. 6, to see
the role of TPA as a functionalizing agent on release rate of the
drug. It shows that at the end of 10 min, nearly 50% of the drug
had been released from GLP/nMCM-48. However, only 14%
of GLP was released from the GLP/TPA/nMCM-48 system. At
20 min, almost 99% of the drug was released from the GLP/
nMCM-48 system, while only 27% of the drug was released
from GLP/TPA/nMCM-48. After 110 min, 97% of the drug was
released from GLP/TPA/nMCM-48. Thus, more controlled
release of GLP was obtained from GLP/TPA/nMCM-48 under
the same experimental conditions. (ii) The drug release profiles
of GLP from GLP/TPA/nMCM-48 and TPA/GLP/nMCM-48 were
compared (Fig. 6). The results show that at the end of 10 min,
nearly 50% of the drug had been released from TPA/GLP/
nMCM-48, whereas only 14% of GLP was released from the
GLP/TPA/nMCM-48 system. After 20 min, almost 99% of the
drug was released from the TPA/GLP/nMCM-48 system, while
only 27% of the drug was released from GLP/TPA/nMCM-48,
and at the end of 110 min, 97% of the drug was released from
GLP/TPA/nMCM-48.

From the type of release pattern obtained, it is significant to
mention that TPA plays a major role in increasing drug loading
capacity as well as drug release rate, as release is slower and
better in the GLP/TPA/nMCM-48 system than in the GLP/
nMCM-48 or TPA/GLP/nMCM-48 systems. This could be due
to blocking of the channels of nMCM-48 by TPA during

40 --GLP/TPA/nMCM-48
30 --GLP/nMCM-48
TPA/GLP/nMCM-48

--MARKETED FORMULATION

0 10 20 30 40 50 6 70 8 9 100 110 120
Time (min)
Fig. 6 The in vitro release profiles of GLP/nMCM-48, GLP/TPA/nMCM-48,
TPA/GLP/nMCM-48 and a marketed formulation at pH-7.4. A controlled
release profile of GLP is obtained for GLP/TPA/nMCM-48 amongst all the
designed DDSs and when compared with that of the marketed formulation
a better release profile is obtained.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The FT-IR spectra of (a) GLP/TPA/nMCM-48 after the release study

and (b) TPA/nMCM-48. These show the retention of the structure even
after drug release.

functionalization and because of possibilities of more favour-
able interaction between GLP and TPA due to the presence of a
free oxygen terminal in TPA. As a result, functionalization with
TPA reduces the release rate and results in a more controlled
release of GLP. Thus, it can be assumed that TPA acts better as a
functionalizing agent rather than as a capping agent. Furthermore,
the role of TPA as a functionalizing agent was confirmed by the
FT-IR of GLP/TPA/nMCM-48 recorded after the release study
(Fig. 7). The spectrum is similar to that of TPA/nMCM-48,>*
indicating that TPA acts as a functionalizing agent and that its
structure is retained during drug release. Hence, the system
GLP/TPA/nMCM-48 is being considered for further detailed
studies including kinetics.

Comparison with a marketed drug and superiority of the
designed DDS

Table 2 shows the comparison between the release studies of
GLP/TPA/nMCM-48 and a marketed available formulation of
GLP, ie., Glynase. Initially, 29% of GLP is released from
Glynase and this increased to 79% after 60 min. GLP/TPA/
nMCM-48, on the other hand, releases 27% of the drug initially
and can reach 69% after 60 min. Almost 99% of the drug was
released by the end of 80 min from Glynase, while only 83% of
the drug was released from GLP/TPA/nMCM-48 after 80 min.
Thus, it is evident that when compared to Glynase, GLP/TPA/
nMCM-48 has a more delayed and controlled release profile.
Thus, our designed DDS outperforms the commercially
available formulation in terms of more controlled release and
increased drug bioavailability. In the coming decades, effective
conversion of MSN-based DDSs from laboratory research to
clinical implementation will necessitate extensive and systema-
tic research in the field of in vivo nano-biomedical applications.

Table 2 Comparison of release profile of the marketed formulation
(Glynase) with that of GLP/TPA/nMCM-48

% Release (pH-7.4, 37 °C, and
stirring conditions)

Sr. No. Materials Initial Up to 80 min Up to 110 min
1. Marketed formulation 15.8  99.9
2. GLP/TPA/nMCM-48 14.2 83.0 97.8

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it is vital to consider the consequence of silica in the
body during and after drug delivery in order to boost the
biomedical effectiveness of MSN-based DDSs. It is considered
necessary that the carrier material must be chemically resistant
enough to secure the loaded drugs during delivery until it is
delivered and yet degrade in an appropriate time frame once
the drug release is over, to avoid unwanted accumulation and
toxicities in the body. But even though the bond of -O-Si- is
reasonably strong in silica nanoparticles, with a bond energy of
452 kJ mol ", it is supposed to break down in aqueous media.
In the tetrahedral SiO, network, the Si centre is particularly
prone to nucleophilic attack by the hydroxides in water, resulting
in hydrolytic breakdown of the -Si-O-Si- bond. As a matter of
fact, silica degrades into biocompatible orthosilicic acid (Si(OH),),
which is excreted in urine. The FDA has accepted silica as
“generally recognised as safe” (GRAS). Previous studies on the
hydrolytic degradation of silica nanoparticles in vitro and the
biocompatibility of MSNs demonstrated by various groups have
been published.**° Also, literature studies show that oral sodium
tungstate administration has also recently emerged as an effective
method of treating diabetes. This treatment also has no signifi-
cant negative side effects and the compound has a low toxicity
profile. The impact of tungstate is due in part to the normalisation
of sucrase and SGLT1 activity in the brushborder membrane of
enterocytes. Furthermore, in animal models of diabetes, some
many long-term treatments with tungstate normalise glycaemia
by restoring hepatic glucose metabolism.>*° Since the DDS is a
biocompatible material (nMCM-48) and the functionalizing agent
(TPA) is proven to have anti-diabetic properties, the system has a
better chance of being quickly translated to clinical studies.

Release kinetics and mechanism

To investigate the drug release kinetics and mechanisms,**™*3

the data obtained from the release study of GLP from GLP/TPA/
nMCM-48 were fitted in different models as detailed in Table 3.

Zero order release kinetic model

For zero-order kinetics, the cumulative drug release is plotted
against time to analyse the drug release kinetics. The slope of
this plot represents the zero-order rate constant, while the
correlation coefficient indicates whether or not the drug release
follows zero order kinetics. Fig. 8 depicts a zero order release
kinetic model for the GLP/TPA/nMCM-48 system with an R* =
0.9649 co-relation coefficient.

Table 3 Mathematical models of drug release

Sr. No. Model Equation
() Zero order Q,=Qq + Kyt
(i) First order log Q; = log Qy — K;t/2.303

(iii) , = Kyg x 2

Here, Q; is the amount of drug dissolved in time ¢ and Q, is the initial
amount of drug in the solution (most times, Q, = 0) and K, K; and Ky
are the release rate constants, respectively.

Higuchi model

Mater. Adv., 2022, 3, 8220-8228 | 8225
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Fig. 8 Zero order release kinetic model of GLP/TPA/nMCM-48 showing
the plot of cumulative drug release against time.

o

i
n

—

Log % remaining

=)
i

y =-0.0133x +2.156
R*=0.9119 ¢

0 20 40 60

Time (min)

80 100 120

Fig. 9 First order release kinetic model of GLP/TPA/nMCM-48 showing
the plot of log percent remaining data plotted against time.
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First order release kinetic model

A first order release kinetic model is used to assess the
dissolution of the drug contained in porous matrices. A first-
order release kinetic model for GLP/TPA/nMCM-48 is depicted
in Fig. 9, with log percent remaining data plotted against time.
The value of correlation coefficient of GLP/TPA/nMCM-48 was
found to be R* = 0.9119.
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0
3 6 9 12

Square root of time (min)

Fig. 10 Higuchi model of GLP/TPA/nMCM-48 showing the plot of cumu-
lative drug release against the square of time.
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Table 4 Drug release kinetics with correlation coefficient values

Zero order First order i X
Higuchi

Sr. No. Formulation K, R? K R? R?
1. GLP/TPA/nMCM-48 0.8801 0.9649 0.0133 0.9119 0.9977

Higuchi model

The Higuchi model is involved with the release of drugs
from a matrix. According to this model, drug release involves
sequential SBF penetration into pores, drug molecule dissolu-
tion, and drug molecule diffusion out of the pores. The
correlation coefficient for the Higuchi Model (Fig. 10) for
the GLP/TPA/nMCM-48 system was found to be R*> = 0.9977.
Thus, GLP release from GLP/TPA/nMCM-48 follows Fickian
diffusion.

Thus, in terms of kinetics and mechanism, GLP release from
the GLP/TPA/nMCM-48 system follows zero order kinetics
(Table 4) and the Higuchi model of diffusion.

Evaluation of in vitro cytotoxicity - MTT assay

To check how GLP suppresses cancer, we performed an MTT
assay. In this study, GLP/nMCM-48 and GLP/TPA/nMCM-48
were used to treat HepG2 cells. The biocompatibility of the
nanocarriers was assessed by measuring the viability of HepG2
cells incubated with different concentrations. At the end of the
experiment, metabolically active cells produce a purple forma-
zan and the intensity of the colour indicates the functional
state of mitochondria. The designed DDS shows 15% cytotoxi-
city towards liver cancer cell lines (Fig. 11).

Novelty and comparison of nMCM-48 as a DDS

The novelty of the present work is that for the first time nMCM-
48 was functionalized with an inorganic moiety, TPA, for the
controlled release of an antidiabetic drug, GLP. Also, it is
observed that a better and controlled release of GLP was
obtained compared to the marketed available formulation,
Glynase. The release of GLP/TPA/nMCM-48 is nearly 30 min
slower than that of the marketed formulation, which makes it
more appealing because it is in good agreement with the
concept of less frequent dosing in the case of diabetic patients.
Furthermore, the designed DDS may be used in the case of
DMT2 patients suffering from cancer to suppress the angio-
genic mechanism.

%Cell Viability
2

%Cell Viability
>
E

0 - I . N
Control 10 50 70 100 500
Concentration (ng/mL)

Control 10 50 70 100
Concentration (ng/mL)

Fig. 11 Cytotoxicity assessment of (a) GLP/nMCM-48 and (b) GLP/TPA/
nMCM-48 to observe the cell viability at different concentrations.
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Conclusions

The current study explored the possibility of controlled GLP
delivery from nMCM-48 functionalized with an inorganic moiety,
12-tungstophophoric acid. TPA acts better as a function-
alizing agent rather than a capping agent and therefore, GLP/
TPA/nMCM-48 had a more controlled release profile. This is due
to TPA, which holds the drug molecules for a longer period of
time and aids in achieving a controlled and delayed release
profile. Furthermore, a direct comparison of the GLP/TPA/
nMCM-48 release profile with that of the marketed formulation
demonstrates that the current system is better and exhibits more
ordered and controlled drug release. GLP release follows the zero
order kinetics followed by the Higuchi model with Fickian
diffusion. Also taking into consideration the anti-cancer property
of GLP, this study shows that GLP is capable of suppressing
cancer to some extent with 15% cytotoxicity towards HepG2 cells.
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