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Introduction

Recent developments in designing surface functionalized mesoporous silica nanoparticles
(MSNs) have gain much interaction in the field of drug delivery. As release kinetics of drug
from the pores mainly depend on pore size [1], molecular size of the drug [2] and the drug—
surface interaction, which can be done by functionalizing surface of mesoporous silica
nanoparticles by proper functional group to increase drug-surface interaction. Further, they
have properties like higher surface area, ordered porosity, higher adsorption capacity,
biocompatibility, non-cytotoxicity [3, 4], effective cellular uptake [5] and possibility of drug
loading [6], they have been effectively explored as drug delivery carrier. Due to this extra
ordinary property, in mesoporous silica nanoparticles, drug molecules are effortlessly absorbed

by simple diffusion mechanisms without affecting the chemical nature of the nanoparticles.
History of MCM-41 type MSNs as carrier

1. In 2004, Victor S.-Y. Lin and his group have reported Polyamidoamine Dendrimer-
Capped MCM-41 type mesoporous silica nanoparticles and study as Gene Transfection
Reagent [7].

2. In 2005, same group have studied the release of Adenosine 5-Triphosphate from
MCM-41 type mesoporous silica nanoparticles which was functionalized by
poly(amido amine) dendrimers [8]. In 2006, same group have further reported
functionalization of MCM-41 type mesoporous silica nanoparticles by 3-aminopropyl
(AP), N-(2-aminoethyl)-3-aminopropyl (AEAP), and N-folate-3-aminopropyl group.
They have investigated the mechanism and efficiency of endocytosis of these materials
with different charge profiles on human cervical cancer cells (HeLa) [9]. In 2007, same
group have further reported the in vitro uptake and release of cytochrome C from
MCM-41 type mesoporous silica nanoparticles [10]. In the same year, J.1. Zink and his
group have reported release study of anticancer drug, Camptothecin from mesoporous
silica nanoparticle (MCM-41) [11].

3. In 2008, Mou et al have reported functionalization of MCM-41 type mesoporous silica
nanoparticles by trimethylammonium group and studied the in vitro release of Orange
Il (a fluorescent tracing molecule), and sulfasalazine (an anti-inflammatory prod-rug
used for bowel disease) [12]. V. S.-Y. Lin et al have reported the gene delivery using
MCM-41 type mesoporous silica nanoparticle [13].

4. In 2009, Wang et al have reported synthesis of MCM-41 type mesoporous silsica
nanoparticles and functionalization of it using Polyelectrolyte multilayers (PEM) to

prevent the premature leakage of doxorubicin [14]. During the same year, V. S.-Y. Lin
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10.

et al have reported glucose responsive release of insulin and cyclic AMP using MCM-
41 type mesoporous silica nanoparticles [15].

In 2010, Martnez Manez et al have reported functionalization of MCM-41 type
mesoporous silica nanoparticles after loading of fluorescein by 3-aminopropyl group
and studied the release of fluorescein [16].

In 2011, Ebeid et al have reported synthesis of three types of mesoporous materials:
pure mesoporous silica (MCM-41), a Nano composite of mesoporous silica with
hydroxyapatite (MCM-41-HA) and mesoporous silica/gold Nano rods Nano composite
(MCM-41-GNRs) and used these as carrier for coumarin [17]. Shunai Che et al have
reported pH responsive delivery of mitoxantrone from MCM-41 type mesoporous
silica nanoparticles by varying the electrostatic interaction between negatively charged
silicate and positively charged MX under designed pH4.0-7.4 in PBS solution [18].

In 2012, Perona et al have reported release study of Rhodamine B loaded into MCM-41
nanoparticle functionalized by oligosaccharide [19]. Martinez Maenez et al have
reported Amidase-responsive controlled release of Camptothecin from gluconamide-
capped MCM-41 nanoparticles [20]. Zhao et al have reported functionalization of
MCM-41 nanoparticle by amino-B-cyclodextrin ring and studied the release profile of
Doxorubicin [21].

In 2013, Yoncheva et al have reported Indometacin loading and in vitro release from
carbopol coated MCM-41 nanoparticles [22]. Gaberscek et al have reported release of
fluorescein disodium salt and carboxyfluorescein from MCM-41 nanoparticles
functionalized by Poly(propylene imine) dendrimer [23]. Jalil et al have reported
controlled release of ibuprofen from MCM-41 nanoparticles functionlized by 3-
aminopropyl group [R24]. Krishnan et al have reported in vitro release of 5-
fluorouracil using MCM-41 nanoparticle functionalized by 3-mercaptopropyl group
[25].

In 2014, Popova et al have reported functionalization of MCM-41 nanoparticle by post-
synthesis method with amino and carboxylic groups. They have studied the release
profile of mesalazine using these functionalized nanoparticles [26]. Chang-Sik Ha et al
have reported functionalization of MCM-41 nanoparticle by a hydrophobic group, N-3-
(trimethoxysilyl)propy! aniline and used as carrier for 5-fluorouracil and famotidine
[27]. Tehrani and Pourjavadi have reported release of Erythromycin from MCM-41
nanoparticle Coated by PEGylated Chitosan [28]. Zendehdel et al have reported
controlled release of Etronidazole from MCM-41 nanoparticle functionalized by poly
ethylene glycol [29].

In 2017, Cheng et al have reported functionalization of MCM-41 nanoparticle by f-

cyclodextrin with imine bond and azobenzene derivative and studied the release of
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tris(2,2"-bipyridyl)ruthenium(Il) chloride hexahydrate [30]. Cao Li et al have reported
in vitro release of Doxorubicin from MCM-41 nanoparticle functionalized by pH-
sensitive dextran [31].

11. Nhavene et al. have reported controlled release of benznidazol for Chagas diseases
treatment using MCM-41 nanoparticle [32].

12. Tzankov and his group have reported controlled release of pramipexole using MCM-41
nanoparticle functionalized by chitosan [33].

Hence, the literature survey displays that MCM-41 type mesoporous silica has been
widely used as carriers (to deliver large number of drug molecules) with or without
functionalization by organic moieties. Present work describes functionalization of MCM-41
type mesoporous silica nanoparticles using 12-tungstophosphoric acid and studied it as carrier

for in vitro release of L-Arginine, Aspirin and Captopril.
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Abstract The present paper consists of functionalization
of MCM-41 by 12-tungstophosphoric acid (TPA), loading
of r-arginine onto the functionalized MCM-41 and char-
acterization of both loaded and unloaded functionalized
MCM-41 using various physicochemical techniques. The
in viro release study of r-arginine from functionalized
MCM-41 was carried out in simulated body fluid at room
temperature under stirring as well as under static condition.
The study shows that the presence of TPA swongly influ-
ences the release rate of r-arginine. A study on release
mechanism and release Kinetics was also carried out using
Higuchi model and first order release kinetic model.

Keywords MCM-41 - 12-Tungstophosphoric acid -
L-Arginine - In vitro release - Release kinetics - Release
mechanism

1 Introduction

Recently, research has been focused on the application of
mesoporous silica, mainly MCM-41 as potential drug
delivery system because of its unique property such as
ordered porosity at mesoscale, high specific surface area,
and higher adsorption capacity, presence of surface Si-OH
group, biocompatibility and non-toxicity [1, 2]. In ordered
mesoporous silica materials, drug molecules are easily
absorbed by simple diffusion mechanisms without affect-
ing the chemical nature of the silica on the pore walls.
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Release kinetics of drug from the pores mainly depend
on pore size [3], molecular size of the drug [4] and the
drug—surface interaction, which can be done by function-
alizing surface of mesoporous silica by proper functional
group to increase drug—surface interaction. The later one is
the most develop method to control drug delivery.

In 2003, first time Vallet-Regi et al. [5] have reported
functionalisation of MCM-41 by aminopropyl group and
studied the release of ibuprofen. In 2008, same group has
reported amino functionalized MCM-41 and studied the
effect of functionalization on adsorption of ibuprofen as
well as release rate of the same. The result showed that the
higher adsorption capacity as well as controlled release of
ibuprofen was found for functionalized MCM-41 compare
to unfunctionalized MCM-41 [6]. Szegedi et al. [7] have
synthesized MCM-41 functionalized by amino group and
studied the release profile of ibuprofen from the same.
Yoncheva et al. [8] have reported the release profile of cis-
platin from MCM-41 functionalized with carboxylic group
and show the effect of functionalization on release profile
of cis-platin. In 2010, Li et al. [9] have synthesized MCM-
41 which was lunctionalized by 3-aminopropyl group and
3-chloropropyl group and L-tryptophane and used amoxi-
cillin as model drug. The slower release rate was observed
for the same system. Also, Tang et al. [10] synthesized
dimethylsilyl (DMS) modified MCM-41 and use as drug
carrier for the release study of ibuprofen. In 2011, Sun
et al. [11] have reported the controlled release of aspirin
from MCM-41, functionalized with 3-aminopropyl group.
In 2012, Zhu et al. [12] have reported amino functionalized
MCM-41 and studied the release of heparin. In the same
year, Maria et al. [13] have investigated the release profile
of Cephalosporin  from MCM-41 functionalized with
3-aminopropyl group and tri-ethoxyvinyl group. The effect
of amino functionalized MCM-41 on release profile of

@ Springer
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Release as Well as Kinetics
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The present article describes encapsulation of L-arginine into mesoporous MCM-41 nanoparticle
having average particle size ~53 nm, by wet impregnation method, characterization by various
physicochemical techniques and in vitro controlled release of L-arginine in simulated body fluid at
room temperature as well as at body temperature (37 °C) under stirring condition. It was found
that MCM-41 was able to release L-arginine in a controlled manner and almost same release of
L-arginine was observed, in both cases. After that a slow and delayed release was observed and
reached to 80% up to 28 h. Further, a study was also carried out using First order release kinetic
Model as well as Higuchi Model to understand the mechanism.

Keywords: L-Arginine, MCM-41 Nanoparticle, In Vitro Release, Kinetics, Mechanism.

1. INTRODUCTION

L-arginine is a semi essential amino acid, a substrate for
the synthesis of nitric oxide (NO), polyamines and agma-
tine. It influence hormonal release and also involved in the
synthesis of pyrimidine bases."* It is the main source of
generation of NO via NO synthase (NOS). The 3 NOS
isoforms have been found to be expressed in the kidney."
In the kidney endothelial NOS is important in the main-
tenance of glomerular filtration rate, regional vascular
tone, and renal blood flow. The neuronal NOS (nNOS) is
expressed primarily in the macula-densa and participates in
the control of glomerular hemodynamic and rennin release.
The inducible (iNOS) is expressed in the kidney under
pathological condition in the glomerular mesangium, infil-
trating macrophages and tubules.’ L-arginine is the sub-
strate for arginases, a group of enzyme that are involved
in tissue repair processes and that metabolize L-arginine
to l-ornithine.® It is also a precursor for polyamine syn-
thesis which is also involved in tissue repair and wound
healing.” * During the time of stress, body does not provide
sufficient amount of L-arginine for metabolic needs. Hence
under this condition, L-arginine supplementation has been
considered as an adjunct treatment for restoring normal
function.”* ' Tt was also found that compared to oral
administration, intravenous administration of L-arginine
to the patients with coronary artery disease increases the

*Author 10 whom correspondence should be addressed.

80 Adv. Porous Mater. 2018, Vol. 6, No. 1

bioavailability of vascular nitric oxide (NO) which shows
the vasodilator effect. Further it was found that in case
of oral administration, the bio-availability of L-arginine
decreases as it is utilized by arginase for the production of
urea and ornithine and thus competes with NO synthase
for substrate availability," "' 40% L-Arginine is degraded
in the intestine by arginase.'” The mentioned problem can
be overcome if some carrier will be used. The advantage
of using carrier is that it can provide sufficient amount of
L-arginine for NO production by a controlled release.
Thus, even though, L-arginine is important and is used
as drug under certain conditions, very few reports are
available. Qiang Gao et al. have reported the adsorption
of L-arginine on SBA-15 at different pH." Lacasta et al.
have reported synthesis of chiral ordered mesoporous sil-
ica in presence of L-arginine and different amino acid
to induce chirality in mesoporous silica and use it for
chiral resolution."* Diaz et al., have reported immobi-
lization of trypsin into MCM-41 which was active for
the hydrolysis of N-a-benzoyl-DL-arginine-4-nitroanibde
(BAPNA)."* Casado et al. have reported synthesis of chi-
ral ordered mesoporous silica in the presence of amino
acid proline by combining tetracthyl orthosilicate and
quaternized aminosilane silica sources for resolution of
proline racemate.'® However, no report is available on
controlled release of L-arginine. Mesoporous materials are
well known for its unique features such as high surface
area, large pore size and large pore volume.''" Meso-
porous silica nanoparticles (MSNs) especially, have been
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In vitro controlled release of L-Arginine from MCM-41
Experimental

Synthesis of mesoporous nanoparticle

Mesoporous nanoparticle was synthesized using reported procedure with slight
modification [1]. The Surfactant (CTAB) was added to the very dilute solution of
NaOH with stirring. When the solution became homogeneous, TEOS was added drop
wise and the obtained gel was aged for 2 h at 60 °C. The resulting product was filtered,
washed with distilled water, dried at room temperature and was calcined at 555 °C in
air for 5 h. The obtained material was designated as Np-MCM-41.

Loading of L-Arginine into Np-MCM-41

A series of materials containing L-Arginine (10%-30%) on Np-MCM-41were
synthesized using wet impregnation method. 0.1 g of L-Arginine in 10 ml distilled
water gives 10% solution. 1 g of Np-MCM-41 was impregnated with this solution and
dried at 100 °C for 5 h. The obtained material was designated as L-argi/Np-MCM-41.
Likewise 20% and 30% L-Arginine loaded Np-MCM-41 was prepared and designated
as L-arg2/Np-MCM-41 and L-args/Np-MCM-41 respectively.

Characterizations

The BET surface area measurements were performed in a Micromeritics ASAP 2010
volumetric static adsorption instrument with N> adsorption at 77 K. The pore size
distributions were calculated by BJH adsorption-desorption method. Degassing
condition for analysis was as follows: 1. temperature: phase (i): 60 °C, Phase (ii): 90
°C; 2. Time: 400 min. TEM analysis was carried out on JEOL (JAPAN) TEM
instrument (model-JEM 100CX II) with accelerating voltage of 200 kV. The samples
were dispersed in ethanol and ultrasonicated for 5-10 min. A small drop of the sample
was then taken in a carbon coated copper grid and dried before viewing. TGA of the
Np-MCM-14 and L-Arginine loaded Np-MCM-41 were carried out using a Mettler
Toledo Star SW 7.01 instrument under nitrogen atmosphere from 30 to 570 °C at the
heating rate of 10 °C/min. The FTIR spectra of pure Np-MCM-41 and L-Arginine
loaded Np-MCM-41 were obtained by using KBr palate on Perkin Elmer instrument.
The IR spectra, in absorbance mode, were obtained over the spectral region 400 to 4000
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cm™. The XRD pattern was obtained by using PHILIPS PW-1830. The conditions
were: Cu Ka radiation (1.54 A°), scanning angle from 0° to 10°. The ?°Si NMR spectra
were recorded at Mercury Plus 300 MHz using a 5 mm Dual Broad Band rotor probe
with TMS as an external standard.

In vitro release study of L-Arginine from Np-MCM-41

The in vitro L-Arginine release profile was obtained by soaking 0.5 g L-argi/Np-MCM-
41 in 625 ml of SBF at room temperature and at 200 rpm. The L-Arginine
concentration in release fluid at pH 7.4 for the different release time was determined
using (Systronic) UV-Vis spectrophotometer at 570 nm. In each case, 0.5 ml of release
fluid were taken out for analysis of the L-Arginine concentration and equal amount of
fresh SBF was added to the release system to maintain constant volume. Likewise, the
release profile of L-arg2/Np-MCM-41 and L-args/Np-MCM-41 was obtained by
soaking 0.6 g of L-arg2/Np-MCM-41 and 0.4 g of L-args/Np-MCM-41 in 150 ml of
SBF. Each analysis was carried out three times and the associated percentage release

values of L-Arginine were found in the range of £1%.

To know the complete mass balance the amount of remaining L-Arginine in
porous solid (after release experiment), the remaining residue was filter and then mixed
with ethanol. The mixture was stirred for 10 h, at room temperature. After that the
mixture was filtered and washes with ethanol. The filtrate was analyzed for remaining

L-Arginine content using same method as stated earlier.
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Results and Discussion

Characterizations
Nitrogen adsorption-desorption isotherm

The nitrogen adsorption-desorption isotherms of a) Np-MCM-41, b) Largi/Np-MCM-
41, c) L-arg2/Np-MCM-41 and L-args/Np-MCM-41 are shown in Figure 1 and data are
presented in Table 1. It is seen from the Table 1 that with increasing % loading of L-
Arginine, there is a drastic decrease in surface area and pore volume is observed as
compared to that of pure Np-MCM-41 (Table 1). This is the first indication of
encapsulation of L-Arginine into the mesoporous channel as well as presence of
interaction between Np-MCM-41 and L-Arginine. The significant decrease in surface
area and pore for L-arg2/Np-MCM-41 and L-args/Np-MCM-41 indicates filling of all
the channels by multi-layered adsorption of L-Arginine into the Np-MCM-41 which
may causes the collapse of mesoporous structure. This is also observed in the

adsorption-desorption isotherms (Figure 1).

Quantity adsorbed (¢cm?¥/g STP)
- [+ ] (] = (4] [=;]
g 8 8 8 8 8

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/py)
Figure 1. N2 adsorption-desorption isotherm of a) Np-MCM-41, b) L-argi/Np-MCM-
41, c) L-arg2/Np-MCM-41 and d) L-args/Np-MCM-41
The nitrogen adsorption-desorption isotherm of Np-MCM-41 is of type IV in
nature with H1 hysteresis loop, according to the IUPAC classification is a characteristic
of mesoporous solids. The adsorption branch of each isotherm showed a sharp

inflection indicates a typical capillary condensation within uniform pores. The L-
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argi/Np-MCM-41 show type (IV) pattern with three stages: monolayer adsorption of
nitrogen on the walls of mesopores (P/Po < 0.4), the part characterized by a steep
increase in adsorption due to capillary condensation in mesopores with hysteresis (P/Po
= 0.45-0.6), and multi-layered adsorption on the outer surface of the particle. However
slight deviation in the isotherm of L-argo/Np-MCM-41 and L-args/Np-MCM-41 may
be due to the collapse of some mesopores and multi-layered adsorption of L-Arginine
into Np-MCM-41. Based on the study, L-argi/Np-MCM-41 was selected for detailed
study.

Table 1: Structure parameters of loaded and unloaded Np-MCM-41

Materials Specific surface area (m?/g ) Pozsr;]/g/l;)me
Np-MCM-41 1100.0 1.06
L-argi/Np-MCM-41 478.0 0.44
L-arg2/Np-MCM-41 191.9 0.32
L-args/Np-MCM-41 54.1 0.09

TEM

TEM images of Np-MCM-41 and L-argi/Np-MCM-41 are shown in Figure 2, in both
cases, TEM images confirming the presence of well-ordered hexagonal arrays of
channels. It also shows mono-dispersed spherical morphology with the average particle
size ~ 53 nm. Further, absence of any agglomeration confirmed the well dispersion of
L-Arginine into the channels of Np-MCM-14 as well as retention of porous structure of

Np-MCM-41 even after the insertion of L-Arginine.
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le—MCM-41 100 nm |w |

Figure 2. TEM images of Np- MCM- 41 and L- arglle MCM 41 at 100 and 50 nm
resolution

TGA

TGA curve of pure Np-MCM-41 and L-argi/Np-MCM-41 are shown in Figure 3. TGA
of Np-MCM-41 shows initial weight loss of 2.7 % at 100 °C. This may be due to the
loss of adsorbed water molecules. The final 4.83 % weight loss above 300 °C may be
due to the condensation of silanol groups to form siloxane bonds. The TGA of L-
argi/Np-MCM-41 shows initial weight loss of 7.1% at 100 °C due to the presence of
adsorbed water. Further, 14.8% weight loss from 200 °C to 550 °C suggest the removal
of L-Arginine from Np-MCM-41 as well as the condensation of silanol groups to form
siloxane bonds. As stated earlier, 4.83% weight loss is observed for pure Np-MCM-41
above 300 °C and 14.8% weight loss observed in case of L-argi/Np-MCM-41 from 150
°C to 550 °C which suggests the presence of 10% L-Arginine into Np-MCM-41.
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Figure 3. TGA patterns of (a) Np-MCM-41 and (b) L-arg:/Np-MCM-41

FTIR

Figure 4 shows the FTIR spectra of (A) Np-MCM-41 and L-argi/Np-MCM-41; and (B)
pure L-Arginine. FTIR spectra of Np-MCM-41 shows broad band around 1100-1300
cm™ corresponds to asymmetric stretching of Si-O-Si. The band at 801cm™ and 498
cm® are due to the stretching and bending vibration of Si-O-Si, respectively. The band
at 3448 cm™ was corresponds to stretching vibration of Si-OH. The FTIR spectrum of
L-Arginine (Figure 5B) shows bands around 3151 cm™, 1680 cm™, 1574 cm
corresponds to N-H stretching vibration, NH> in plan bending vibration and C=0

stretching vibration [2].

The FTIR spectra of L-argi/Np-MCM-41 shows additional vibration at 3185
cm?, 1696 cm™? ;1668 cm™ due to N-H stretching vibration, NH in plan bending
vibration and C-O stretching vibration. The band of Si-OH group in L-argi/Np-MCM-
41 was shifted to 3364 cm™. Thus shifting of all bands are observed, however a
significant shifting in C-O vibration band (1574 cm™ to 1668 cm™) and in Si-OH
stretching vibration band (3448 cm™ to 3361 cm™) confirm the interaction between the

carbonyl group of L-Arginine and Si-OH group of Np-MCM-41.
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Figure 4. FTIR spectra of A (a) Np-MCM-41 and (b) L-argi/Np-MCM-41; B L-
Arginine

Low angle powder XRD

Figure 5 shows low angle powder XRD of Np-MCM-41 and L-argi/Np-MCM-41. The
low angle powder XRD of Np-MCM-41 displays an intense diffraction peak at 26 =
2.43° which are assigned to the lattice faces (100), suggesting a hexagonal symmetry of
Np-MCM-41. In addition to this weak peaks are observed at 20 = 4.2-5.8° with very
low intensity which are sometimes difficult to observed due to instrumental error [3].
Same observation for low angle powder XRD was reported by Zhu et al. [4] and
Marand et al. [5]. Shifting as well as broadening in 26 peak from 2.43° to 1.8° for L-
argi/Np-MCM-41 may be due to L-Arginine insertion into the mesoporous channels of
NP-MCM-41. The interaction between L-Arginine and Np-MCM-41 is further
confirmed by 2°Si MAS NMR.
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Figure 5. Powder XRD of (a) Np-MCM-41 and (b) L-arg:/Np-MCM-41
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In vitro L-Arginine release study from Np-MCM-41

The drug release study was carried out for all the three systems at physiological pH 7.4

using simulated body fluid under in vitro stirring conditions, at room temperature and

the data are presented in Figure 6. The release profile shows the existence of two steps:
(1) initial burst release and (2) fixed slow release. The initial burst release was started at
40%, 45% and 48% and was reached up to 55 %, 65 % and 56% for 10 h from L-
argi/Np-MCM-41, L-arg2/Np-MCM-41 and L-args/Np-MCM-41, respectively.
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Figure 6. Release profile of a) L-argi/Np-MCM-41, b) L-arg2/Np-MCM-41 and c) L-

args/Np-MCM-41 in SBF
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The initial burst release was the result of dissolution of L-Arginine molecule
adsorbed on the outer surface of Np-MCM-41, which indicates over loading of L-
Arginine in later system which was also confirmed by BET analysis data. The second
step involved fixed slow rate of release of L-Arginine molecule. This was reached up to
80% after 28 h and then it became constant. From the release percentage data it was
found that more controlled release was observed for L-argi/Np-MCM-41 compared to

other systems.

The remaining amount of L-Arginine present into porous solid was found to be
19.8% for L-argi/Np-MCM-41 and L-arg2/Np-MCM-41 respectively while 11.7 % in
case of L-args/Np-MCM-41. This study shows the complete mass balance.

207



Kinetics and mechanism

First order release Kinetic Model

In order to understand the release kinetics of L-Arginine, the drug release data of all

systems were fitted with first order release kinetics model. Figure 7 shows the first

order release kinetic model of L-Arginine release from Np-MCM-41 loaded in different

amount. The log percentage remaining was plotted against the time in hour.

1.9
3} 1.9 LI:]
0 1.7 4 *¥%e
iE 1.7 t.m"--"—.‘!_o,_ %I 1.7 1-..‘_".1____
g 151 . O £ 15 SR X
E" 1.3 1 " % 1.3 1 *et
2 =
11 4 = 1.1 1
s S ¥ = -0,0099x + 1.7002
3091 -  R*=0.8784
0.7 1 ¥ =-0.0154x + 1.7853 0.7
R* = .9476
0.5 T T . v 05 T T v T
[1] 5 10 15 20 25 30 0 ] 10 15 1] 25 0
Time (h) Time (h)
1.9
1.7 1
=16
£ 15
=
£ 13-
¥
g 1.1 4 s
T 09
g vy =-0.0205x + 1.8038
ey S R: = .7465
0ns T T T T ¥
0 5 10 15 20 25 0
Time (h)

Figure 7. First order release kinetic model of a) L-argi/Np-MCM-41, b) L-arg2/Np-
MCM-41 and (c) L-args/Np-MCM-41 (space missing)

The release of L-Arginine follows the first order Kinetic with higher linearity

and higher correlation coefficient (R?) value for L-argi/Np-MCM-41(0.947) compared
to L-arg2/Np-MCM-41(0.878) and L-args/Np-MCM-41(0.746). The release data for L-
argi/Np-MCM-41 sample was best fitted with first ordered release kinetic model
(Figure 7).
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Higuchi model

The Higuchi mechanism describes the percentage of release versus square root of time
dependent process based on Fickian diffusion. Figure 8 presents the Higuchi model of
in vitro release of L-Arginine from Np-MCM-41.The release data for all the system

was fitted with Higuchi model for finding the release mechanism.
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Figure 8. Higuchi model for L-argi/Np-MCM-41, b) L-arg2/Np-MCM-41 and c) L-
args/Np-MCM-41

The percentages release data were plotted against the square root of time in h
where linear curve is obtained. The release of L-Arginine follows the Higuchi model
with higher linearity and higher correlation coefficient (R?) value for L-argi/Np-MCM-
41 (0.952) compared to L-arg2/Np-MCM-41(0.932) and L-args/Np-MCM-41 (0.768)

(Figure 8).

The above, in vitro release and kinetic study shows that L-argi/Np-MCM-41
(100 mg/1 g of Np-MCM-41) is best among all systems. Therefore, this system is

further selected for investigating effect of temperature on release rate.
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Effect of temperature on release rate

In order to see the effect of temperature, release study from L-argi/Np-MCM-41 was
carried out at body temperature (37 °C) and results are shown in Figure 9A. Initially
40% (Figure 9A (a)) and 39% (Figure 9A (b)) of L-Arginine was release at room
temperature and body temperature and reached to 55% and 53% up to 10 h. After that
slow and controlled release was observed this was reached up to 80% in 28 h for both

the systems. Hence there was no significant difference between release profiles in both

cases.
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Figure 9. (A) In vitro release profile of L-argi/Np-MCM-41 a at room temperature and
b at body temperature; (B) First order release kinetic model of L-argi/Np-MCM-41 and
(C) Higuchi model of L-argi/Np-MCM-41

Further the obtained release data were fitted with first order release kinetic
model and Higuchi (Figure 9b and Figure 9c). The release of L-argi/Np-MCM-41 at
body temperature also follows the first order kinetic and Higuchi model. Higher

linearity and higher correlation coefficient was observed for release profile at body
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temperature compared to release profile determined at room temperature as shown in

table 2.

Table 2: L-Arginine release kinetic and mechanism data

(Correlation coefficient, R?)
Release profile First order release kinetic

model Higuchi Model
At room temperature 0.947 0.952
At body temperature 0.975 0.957
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In vitro controlled release of L-Arginine from TPA-Np-MCM-41
Experimental

Materials

12-tungstophosphoric acid was received from Merck of A.R. Grade and used without

any further purification.

Functionalization of Np-MCM-41 using TPA

Functionalisation was carried out by incipient wet impregnation method. 30 % of TPA
anchored to Np-MCM-41 was synthesized. 1 g of Np-MCM-41 was impregnated with
an aqueous solution of TPA (0.3/30 g/mL of distilled water) and dried at 100 °C for 10
h. The obtained material was designated as TPA-Np-MCM-41.

Synthesis of L-Arginine loaded TPA-Np-MCM-41 (L-arg/TPA-Np-MCM-41)

Series of materials containing 5-15 % of L-Arginine loaded on TPA-Np-MCM-41
were also synthesized by incipient wet impregnation method. TPA-Np-MCM-41 mass
of 1 g was impregnated with an aqueous solution of L-Arginine (0.05/5-0.15/15 g mL"
1y and pH of the mixture was adjusted up to 4 using 0.1 M HCI solution. Then mixture
was dried at 100 °C for 5 h. The obtained material was designated as L-argos/TPA-Np-
MCM-41, L-argi/TPA-Np-MCM-41 and L-arg15/TPA-Np-MCM-41.

Release study of L-Arginine from TPA-Np-MCM-41

The in vitro L-Arginine release profile was obtained by soaking 0.5 g of L-argi/TPA-
Np-MCM-41 in 62.5 mL of SBF (0.8 mg of L-Arginine in 1 mL SBF) at room
temperature and at 200 rpm. At predetermined time interval released fluid was taken
(0.5 mL) and immediately equal amount of fresh SBF was added to maintain the
constant volume. This release fluid was analyzed for L-Arginine content by treating it
with 10 % ninhydrin solution at 570 nm using (systronic) UV-Visible
spectrophotometer. Same study was also carried at 37 °C temp. All the experiments
were repeated three times. Further release study was carried out in gastric fluid (GF) at

room temperature and under stirring condition.
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Results and discussion

Characterizations

EDS analysis for TPA-MCM-41 and L-argi/TPA-MCM-41 are shown in Table 1. The
results obtained from EDS were in good agreement with the theoretical values.

Table 1 Results of elemental analysis in wt%.

Elemental analysis (weight %0)

Materials W P
Theoretical By EDS Theoretical By EDS
TPA-Np-MCM-41 19.0 18.0 0.32 0.30
L-argi/TPA-NpMCM-41 13.5 12.9 0.10 0.09

TGA

TGA of pure TPA, Np-MCM-41, TPA-Np-MCM-41 and L-arg/TPA-Np-MCM-41 is
shown in Figure 10. TPA exhibits weight loss in three stages at 100, 200 and 485 °C.
These can be attributed to initial weight due to adsorbed water, second weight loss due
to loss of water of crystallization near 200 °C to give the Keggin structure, which is
stable on heating up to 350 °C. The weight loss at 485 °C may be attributed to the

decomposition of the Keggin structure of TPA into the simple oxides [6].

TGA of Np-MCM-41 shows initial weight loss of 6.14 % at 100 °C. This may
be due to the loss of adsorbed water molecules. The final 7.92 % weight loss above 450
°C may be due to the condensation of silanol groups to form siloxane bonds. After that
absence of any weight loss indicates that Np-MCM-41 is stable up to 600 °C. The TGA
of TPA-Np-MCM-41 (Figure 1c) shows initial weight loss of 3.6 % due to the loss of
adsorbed water. Second weight loss of 1.2 % between 150 and 250 °C corresponds to
the loss of water of crystallization of Keggin ion. Further a gradual weight loss was
also observed from 250 to 500 °C due to the difficulty in removal of water contained in
TPA molecules inside the channels of MCM-41 [7]. This type of inclusion causes the
stabilization of TPA molecules inside the channels of Np-MCM-41.

TGA of L-argi/TPA-Np-MCM-41 shows initial weight loss of 1.76 % due to
the loss of adsorbed water. Further weight loss of 10.77 %, from 200 to 450 °C
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indicates the removal L-Arginine which also confirms the 10 % loading of Larginine on

TPA-Np-MCM-41 (0.1 g L-Arginine per g of Np-MCM-41).
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Figure 10. TGA curve of a) TPA, b) Np-MCM-41, ¢) TPA-Np-MCM-41 and d) L-
argl/TPA-Np-MCM-41

Nitrogen adsorption-desorption isotherm

The nitrogen adsorption—desorption isotherm and pore size distribution curve of the (a)
Np-MCM-41, (b) TPA-Np-MCM-41 and (c) L-argi/TPA-Np-MCM-41 are displayed in
Figure 11 and the pore texture are summarized in Table 3. The Nitrogen adsorption
desorption isotherm of all three materials are of type IV in nature according to the
IUPAC classification and exhibited an H1 hysteresis loop which is a characteristic of
mesoporous solids (Figure 11a). The adsorption branch of each isotherm showed as

sharp inflection, which means a typical capillary condensation within uniform pores.

The isotherms of TPA-Np-MCM-41 show a comparable and marked decrease
in the nitrogen adsorbed volume and hence specific surface area and pore volume are
decrease compare to Np-MCM-41, which indicates the partial filling of the mesopores

by the TPA moiety bound on the silica pore surface. Decrease in all structural
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parameters of TPA-Np-MCM-41 suggests the strong interaction between the TPA
moiety and Np-MCM-41 as well as the functionalisation of Np-MCM-41 by TPA
moiety did not alter the structure of Np-MCM-41.

Quantity Adsorbed (cm?/g STP)

00 02 04 06 08 10
Relative pressure (p/p,)
Figure 11. Nitrogen adsorption-desorption isotherm of (a) Np-MCM-41, (b) TPA-Np-

MCM-41 and (c) L-argi/TPA-Np-MCM-41
The isotherm of L-argi/TPA-Np-MCM-41 show type (IV) pattern with three
stages: monolayer adsorption of nitrogen on the walls of mesopores, the part
characterized by a steep increase in adsorption due to capillary condensation in
mesopores with hysteresis, and multi-layered adsorption on the outer surface of the
particle. The drastic decrease in the value of surface area and pore volume also indicate

presence of L-Arginine into the mesopores.
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Table 3. Textural property of Np-MCM-41, TPA-Np-MCM-41 and L-argi/TPA-Np-
MCM-41

Materials Specific surface area Pore volume
(m?/g) (cm?3)/g
Np-MCM-41 1100 1.06
L-Argi/Np-MCM-41 478 0.44
TPA/Np-MCM-41 791 0.55
L-Argi/TPA-Np-MCM-41 153 0.34

FTIR

The Figure 12 shows the FTIR spectra of (a) TPA, (b) Np-MCM-41, (c) TPA-Np-
MCM-41 and (d) L-argi/TPA-Np-MCM-41. The FTIR spectrum of MCM-41 shows
broad band around 1100-1300 cm™ corresponds to asymmetric stretching vibration of
Si—-O-Si. The band at 801 and 498 cm™ corresponds to symmetric stretching and
bending vibration of Si—-O-Si, respectively. The broad band at 3448 cm™ corresponds

to symmetric stretching vibration of Si-OH group.
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Figure 12. FTIR spectra of a) TPA, b) Np-MCM-41, c) TPA-Np-MCM-41 and d) L-
arg/TPA-Np-MCM-41

FTIR spectrum of TPA-Np-MCM-41 (Figure 12) was almost the same as that of
MCM-41. The reported bands for TPA, at 1088, 987, and 800 cm™ corresponding to
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W-0-W bending, W-0O and P-O symmetric stretching, respectively, were absent in
TPA-Np-MCM-41. If TPA is dispersed onto the surface of Np-MCM-41, the
mentioned bands for TPA should be seen in the FTIR spectra. The absence of
respective FTIR bands of TPA in TPA-Np-MCM-41 may due to the overlapping of
TPA bands with that of Np-MCM-41. All the bend of Np-MCM-41 was observed in
TPA-Np-MCM-41 which confirms the intact structure of Np-MCM-41.

In addition to strong bands due to the TPA-Np-MCM-41, the FTIR spectrum of
L-argi/TPA-Np-MCM-41 show vibration band with shifting at 3185, 1696 and 1668
cm-1, and due to N—H stretching vibration and NH: in plan bending vibration and C=0
stretching vibration. Thus shifting of all bands were observed, however significant
shifting in N—H stretching vibration (3151-3185 cm-1) and in C=0 stretching vibration
(1574-1668 cm-1) confirm the strong interaction mainly hydrogen bonding between
the N-H and C=0 group of L-Arginine and functionalized TPA moiety of TPA-Np-
MCM-41, which was further confirm by 29Si MAS NMR data. So the interaction
between the L-Arginine molecule and TPA-Np-MCM-41 mainly depend on orientation
of L-Arginine molecule into the TPA-Np-MCM-41. Furthermore, the principle
vibration band of the TPA-Np-MCM-41 do not change after the encapsulation of L-
Arginine confirm the structure of TPA-Np-MCM-41 remain unchanged.
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Low angle Powder XRD

The XRD pattern of TPA, (a) TPA-Np-MCM-41 and (b) L-argi/TPA-Np-MCM-41 are
shown in Figure 13. In the case of TPA-Np-MCM-41, absence of characteristic peaks
of crystalline phase of TPA indicates fine dispersion of TPA inside the hexagonal
channels of Np-MCM-41. The XRD pattern of L-argi/TPA-Np-MCM-41 shows slight
shifting in the characteristic peak of Np-MCM-41 at 2 Theta = 1.76°. All most same
pattern indicates well dispersion as well as no change in TPA-MCM-41 structure after
loading of L-Arginine
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Figure 13. Powder XRD of TPA (inset), a) TPA-Np-MCM-41 and b) L-argi/TPA-Np-
MCM-41
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TEM

Figure 14 shows TEM images of Np-MCM-41, TPA-Np-MCM-41 and L-arg:i/TPA-
Np-MCM-41 at 100 nm. The TEM images of Np-MCM-41 displays the morphology of
hexagonal arrays of channels with uniform pore size, at 100 nm resolution. The TEM
image of TPA-Np-MCM-41 shows absence of crystalline phase of TPA inside the
channels of Np-MCM-41 indicating high dispersion of TPA and absence of
agglomeration. The TEM image L-argi/TPA-Np-MCM-41 also displays almost the
same morphology with slight darkening which confirm the multi-layered adsorption of
L-Arginine on TPA-Np-MCM-41 agreeing well with BET data. It also suggests that
there was no structure degradation of Np-MCM-41.
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Figure 14. TEM images of pure and -rginie loaded materials at 100 nm
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In vitro release of L-Arginine from TPA-Np-MCM-41

Effect of stirring on release rate of L-Arginine

L-Arginine release from TPA-Np-MCM-41 was shown in Figure 15a. The release
profile shows the existence of two steps: (1) initial burst release and (2) fixed slow
release. Initially it show 45 % L-Arginine release and reached to 58 % up to the 10 h
and this burst release may be due to the dissolution of L-Arginine molecule adsorbed
on the outer surface of TPA-MCM-41. The second step involved fixed slow release rate
of L-Arginine molecule. After 10 h slow and more controlled release rate was
observed. 64 % L-Arginine was release at 24 h and it reaches up to 80 % after 32 h. So
concentration of L-Arginine remains constant for longer period of time in SBF. Over

all release profile of L-Arginine shows more controlled and slower release of it.

To see the effect of stirring on the release of L-Arginine, same study was
carried out in static condition and release profile was compared with stirring
condition (200 rpm) (Figure 15c). In static condition, initially 28 % L-Arginine
was released and reached to 43 % within 10 h. After that slow and delayed
released was observed and reached to 50 % up to 28 h. The slower release in
static condition could be due to the slower diffusion of drug which ultimately
decrees the dissolution rate of L-Arginine from TPA-MCM-41 to the bulk,
release fluid i.e., SBF and it required high time for complete release of L-

Arginine.
Effect of TPA on release rate of L-Arginine

In order to see the role of TPA, L-Arginine release from TPA-Np-MCM-41 was also
compared with parent Np-MCM-41 (Figure 15b). Initially 40 and 45 % L-Arginine
release from Np-MCM-41 and TPA-Np-MCM-41 and reached up to 56 and 58 %
respectively up to the 10 h. After 10 h slow and more controlled release was observed
for TPA-Np-MCM-41 compare to parent Np-MCM-41. 76 and 64 % release was
observed from Np-MCM-41 and TPA-Np-MCM-41 at 24 h and reached up to 80 %
after 28 and 32 h for Np-MCM-41 and TPA-Np-MCM-41, respectively. The in vitro
release profile shows that more controlled and delayed release of L-Arginine was
observed in case of TPA-Np-MCM-41 compare to parent Np-MCM-41.S The release
of L-Arginine from TPA-Np-MCM-41 was also confirmed by FTIR (Figure 16).
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It is well known that the pore size [8-10] as well as the interaction of the host
guest [11] has a pronounced influence on the kinetics of drug release. Drug delivery
rate slows down with the decrease of the pore size. It also decreases with increase in the
host—guest interaction i.e. stronger the interaction, slower is the drug delivery rate. In
the present case, the slow release of L-Arginine may be due to the following reasons.
(1) The strong interaction between L-Arginine molecules with oxygen of TPA was
already confirmed by FTIR spectra. (2) It is seen from the Table 2 that the pore volume
of L-argi/TPA-Np-MCM-41 is smaller than the L-Argi/Np-MCM-41. So there may be

restricted diffusion of L-Arginine was occurred from smaller pore volume.

To see the role of TPA, L-arg-TPA salt was synthesized by same procedure
which is found to be completely soluble in SBF, distilled water and SGF. This suggests
that TPA does not act as carrier but only as a functionalizing agent that holds L-
Arginine for longer period of time.
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Figure 15. Release profile of a) L-argi/TPA-Np-MCM-41 (stirring condition), b)
L-argi/Np-MCM-41 and c) L-argi/TPA-Np-MCM-41 (static condition)

221



Further, FTIR analysis of L-argi/TPA-Np-MCM-41 was carried out after
release study and spectrum is shown in Figure 16. It is seen from the spectra that the
bands correspond to N-H stretching vibration and CHs in plan bending vibration are
disappeared. This may be due to the removal of L-Arginine from TPA-Np-MCM-41
during the release study. However the bands correspond to NHz in plan bending
vibration and C=0 stretching vibration show slight shifting with lower intensity. This
suggests that some amount of L-Arginine was remaining inside the TPA-Np-MCM-41.
That was also confirm from release study as it shows that 80% L-Arginine was release

up to 32 h and then it became constant.
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Figure 16. FTIR spectrum of L-argi/TPA-Np-MCM-41 after release study
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Effect of pH and temperature on release of L-Arginine

In order to see the effect of pH on release of L-Arginine, a comparative study
was carried out in SBF (pH 7.4) and SGF (pH 1.2) and results are shown in
Figure 17A. In acidic pH slow release was observed, as L-Arginine acquire two
positive charges and remain as arg®* which may have strong interaction with
terminal oxygen of TPA moiety which will slow down the diffusion of L-
Arginine molecules. While at pH 7.4, L-Arginine remains as arg® which has

comparatively weak interaction which allows the easy diffusion of it.
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Figure 17. A) Release profile of L-argi/TPA-Np-MCM-41 a) in SBF (pH 7.4)
and b) in GF (b, pH 2) and B) release profile of L-argi/TPA-Np-MCM-41 a) at
room temperature and b) at 37 °C temperature

Similarly to see the effect of temperature, the release study was carried
out at 37 °C (body temperature) as well as at room temp (Figure 17B). Initially
5-10 % difference was observed up to 10 h. However, a slow release profile was
observed after 10 h for both the condition. There was no significant difference
between the release profiles of these two systems and the results were
comparable.

Effect of loading amount on release profile of L-Arginine

To see the effect of loading on release profile, different amount of L-Arginine loaded
TPA-MCM-41 were synthesized and release profile was compared. From the Figure
18, it is clear that as the amount of L-Arginine increases, release rate increase. Initially
burst release was observed which may be due to the presence of large amount of L-
Arginine molecules on the outer surface of TPA-Np-MCM-41. However, slow release
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was observed after 10 h for all the three systems. Further as the amount of drug
increase, the possibility of blocking of channels and pores increase which affect the

mesoporous structure of Np-MCM-41.

100
80 -
2
g 601
&
- 40
=
20 -
—e—b)
0 T T T T c)I
0 5 10 15 20 25 30

Time (h)
Figure 18. Release profile of a) L-argos/TPA-Np-MCM-41, b) L-argi/TPA-Np-MCM-
41 and c) L-arg1s/TPA-Np-MCM-41

Kinetics and mechanism

For finding drug release mechanism and drug release kinetic the in vitro L-Arginine

release data was fitted with first order release kinetic model and Higuchi model.

According to First order release kinetic model rate of release is concentration
dependent. Figure 19A shows the first order release kinetic model of L-Arginine from
TPA-Np-MCM-41 where Log of percentage remaining data was plotted against time.
The release of L-Arginine was followed the first order kinetic with linearity and
correlation coefficient (R?) value for TPA-Np-MCM-41 (0.919).

The Higuchi model (Figure 19B) describes the percentage release versus square
root of time dependent process based on Fickian diffusion. According to this model
release mechanism of L-Arginine involves simultaneous penetration of SBF into the
pores, dissolution of drug molecule and diffusion of these molecules from the pores.
The in vitro L-Arginine release data was best fitted with Higuchi model. The release
mechanism of L-Arginine was best explained by this model with high linearity and
high correlation coefficient (R?) value (0.940).
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Figure 19. (A) First order release kinetic model and (B) Higuchi model of L-
Arginine from TPA-Np-MCM-41

Thus, L-Arginine release from TPA-Np-MCM-41 is concentration dependent
process and follows First order release kinetics. Further it follows the Fickian diffusion

mechanism.
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Part B

In vitro release study of Aspirin and
Captopril from Np-MCM-41 and TPA-
Np-MCM-41




Experimental

Loading of Aspirin and Captopril into Np-MCM-41 and TPA-Np-MCM-41

Loading of Aspirin and Captopril was carried out by same method as stated in chapter
2. Aspirin loaded into Np-MCM-41 and TPA-Np-MCM-41 were designated as
Asp/Np-MCM-41 and Asp/TPA-Np-MCM-41. Captopril loaded into Np-MCM-41 and
TPA-Np-MCM-41 was denoted as Cap/Np-MCM-41 and Cap/TPA-Np-MCM-41. The
amount of drug loading was obtained by analyzing filtrate using UV-Visible

spectrophotometer at 296 nm and 203 nm for Aspirin and Captopril respectively.

In vitro release study of Aspirin/Captopril

In vitro release of Aspirin and Captopril was obtained by same method as stated in
chapter 3 and 6. Drug loaded materials (Asp/Np-MCM-41 and Asp/TPA-Np-MCM-41)
were soaked in 100 mL of SBF at 200 rpm at 37 °C temperature under stirring as well
as static condition. At proper time interval, 1 mL of release fluid was taken and fresh
SBF was added to maintain the constant volume of the system. The 1 mL fraction was
diluted and analyzed for drug content using UV-Visible spectrophotometer. Same
release study was also carried out in simulated gastric fluid (pH 1.2) to see the effect of
pH on release rate. For finding, whether drug molecules are present only on the surface
or in the channels of nanoparticles, release study of physical mixture of drug and carrier

were also carried out using same method as stated earlier.
Results and Discussion
Characterizations

The drug loading amount was obtained by two methods: (1) By UV-Visible
spectroscopic analysis, which is by analyzing the obtained filtrate after loading. (2) By
TGA analysis of drug loaded materials. The values obtained by both the methods are
presented in Table 1 which is in good agreement with each other. Lower amount of
drug loading is observed in case of TPA-Np-MCM-41 as compared to pure Np-MCM-
41. This is because; mesoporous channels of MCM-41 are already filled with TPA. So

there is lesser space for accommodation of drug molecules.
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TGA

Figure 1 shows TGA analysis of all the materials. TGA of Np-MCM-41 shows initial
weight loss of 2.7 % at 100 °C. This may be due to the loss of adsorbed water
molecules. The final 4.83 % weight loss above 300 °C may be due to the condensation
of silanol groups to form siloxane bonds. TGA curves of Asp-Np-MCM-41 and
Cap/Np-MCM-41 shows initial weight loss of 3.2% and 1.2% up to 150 °C due to the
adsorbed water. Further weight loss of 5.8% and 6.7% from 200 °C to 550 °C is may be
due to the removal of drugs from Np-MCM-41, respectively.
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Figure 1. TGA curve of (a) Np-MCM-41, (b) Asp/Np-MCM-41, (c) Cap/Np-MCM-41,
(d) TPA-Np-MCM-41, (e) Asp/TPA-Np-MCM-41 and (f) Cap/TPA-Np-MCM-41

TGA of TPA-Np-MCM-41 (Figure 1) shows initial weight loss of 3.8 % due to
the loss of adsorbed water. Second weight loss of 1.2% between 150 and 250 °C
corresponds to the loss of water of crystallization of Keggin ion. Further a gradual
weight loss was also observed from 250 to 500 °C due to the difficulty in removal of
water contained in TPA molecules inside the channels of MCM-41. TGA curves of
Asp/TPA-Np-MCM-41 and Cap/TPA-Np-MCM-41 shows initial weight loss of 2.4%
and 3.2% up to 150 °C due to the adsorbed water. Further weight loss of 3.9% and
4.8% from 200 °C to 550 °C is may be due to the removal of drugs from Np-MCM-41,

respectively.
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Nitrogen adsorption-desorption isotherm

Nitrogen adsorption desorption isotherm of all materials are shown in Figure 2 and
textural parameter are shown in Table 1. Isotherm of Np-MCM-41 is type IV in nature
suggesting mesoporous structure of Np-MCM-41. Drug loaded materials (Asp/Np-
MCM-41 and Cap/Np-MCM-41) and TPA-Np-MCM-41 also shows similar pattern of
isotherm. Decrease in surface area and pore volume in drug loaded Np-MCM-41
suggests the insertion of Aspirin and Captopril into the porous channel. A similar result
was also observed for TPA-Np-MCM-41 which suggests the functionalization of Np-
MCM-41. Isotherm of Asp/TPA-Np-MCM-41 and Cap/TPA-Np-MCM-41 shows
deviation from type 1V, due to the multilayered adsorption of drugs. Further, significant
decrease in surface area and pore volume, in case of Asp/TPA-Np-MCM-41 and
Cap/TPA-Np-MCM-41 as compared to TPA-Np-MCM-41, is because of further
loading of drug into TPA-Np-MCM-41. As Np-MCM-41 is already filled with TPA

and hence there is lesser space for accommodation of drug.
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Figure 2. Nitrogen adsorption-desorption isotherm of all materials
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Table 1 Textural property of drug loaded and pure materials

_ Specific Pore volume Amount of drug
Materials surface area 3 loaded (mg/g of
(m?/q) (cm*/g) material)
Np-MCM-41 1100.0 1.06 -
Asp-Np-MCM-41 976 0.44 58+2
Cap-Np-MCM-41 839 0.87 67+2
TPA-Np-MCM-41 791 0.55 -
Asp/TPA-Np-MCM-41 136 0.32 39+2
Cap/TPA-Np-MCM-41 129 0.30 48+2

FTIR

Figure 3 shows FTIR spectra of Np-MCM-41, Cap-Np-MCM-41, Asp-Np-MCM-41,
TPA-Np-MCM-41, Asp/TPA-Np-MCM-41 and Cap/TPA-Np-MCM-41. The FTIR
spectrum of Np-MCM-41 shows broad band around 1100-1300 cm™ corresponds to
asymmetric stretching vibration of Si—-O-Si (Figure 3a). The band at 801 and 498 cm™
corresponds to symmetric stretching and bending vibration of Si—O-Si, respectively.

The broad band at 3448 cm™ corresponds to symmetric stretching vibration of Si—-OH

group

Entire bands related to Np-MCM-41 are present in Cap-Np-MCM-41 (Figure
3b). Along with this shifting in band of SH and C=0 groups are observed from 2567
cm? to 2365 cm? and 1747 cm? to 1638 cm™ respectively. This suggests the
interaction of SH and C=0 group of Captopril with Np-MCM-41.

The FTIR spectrum of Asp-Np-MCM-41 shows all bands correspond to Np-
MCM-41. Bands corresponds to Aspirin were absent in Asp-Np-MCM-41. a strong
band at 1638 cm™ and 966 cm™ are observed correspond to C=0O stretching vibration
and C-O stretching vibration. Shift in this band from 1630 to 1638 cm™ as well as from
1020 cm™ to 966 cm* suggests the interaction of carbonyl group of Aspirin with Si-OH
group of Np-MCM-41.

The reported bands for TPA, at 1088 and 987 corresponding to P-O symmetric
stretching, W—O-W bending respectively, are absent in TPA-Np-MCM-41 (Figure 3d).
The absence of respective FTIR bands of TPA in TPA-Np-MCM-41 may due to the
overlapping of TPA bands with that of Np-MCM-41. All the bend of Np-MCM-41 was
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observed in TPA-Np-MCM-41 which suggests the intact structure of Np-MCM-41

even after functionalization.
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Figure 3. FTIR spectra of (a) Np-MCM-41, (b) Cap/Np-MCM-41, (c) Asp/Np-MCM-41, (d)

TPA-Np-MCM-41, (e) Asp/TPA-Np-MCM-41 and (f) Asp/TPA-Np-MCM-41

The FTIR spectra of Asp/TPA-NP-MCM-41 and Cap/TPA-NP-MCM-41 shows
similar bands as observed in TPA-Np-MCM-41. However, they shows additional bands
at 1627 cm™ and 1635 cm™ corresponding to C=0 stretching vibration. Shifting in this

bands suggest that drug molecules interact with carrier through this C=0 group.
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Low angle powder XRD

Figure 4 shows low angle powder XRD of Np-MCM-41, Cap-Np-MCM-41, Asp-Np-
MCM-41, TPA-Np-MCM-41, Asp/TPA-Np-MCM-41 and Cap/TPA-Np-MCM-41.
The XRD of Np-MCM-41 displays an intense diffraction peak at 20 = 2.43° which are
assigned to the lattice faces (100), suggesting a hexagonal symmetry of Np-MCM-41.
The XRD spectra of rest of the materials also shows main characteristic peak at 26 =
2.43° suggesting intact structure of Np-MCM-41. However, they show decrees in

intensity of peak which clearly indicate the insertion of drug into the mesoporous

channels of Np-MCM-41.

TPA-Np-MCM-41
/f‘/\l\’\n/\u.,\ '\/\M
= =
b g Asp/TPA-Np-MCM-41
:. N
2 Asp/Np-MCM-41 2
e g Cap/TPA-Np-MCM-41
— N
= =
Cap/Np-MCM-41
T T T T 1) ) 1 1
0 2 4 6 8 10 0 2 4 6 8 10
2 Theta 2 Theta

Figure 4. Low angle Powder XRD of pure and drug loaded materials
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TEM

TEM images of all the synthesized materials are shown in Figure 5 at 100 nm
magnification. TEM images of Np-MCM-41 type MSN shows mono-dispersed nearly
spherical morphology with the size of ~52.6 nm. TEM images confirmed the presence
hexagonal arrays of channels as well as well-ordered, mono-dispersed porous structure.
Comparing the TEM image of drug loaded Np-MCM-41 and pure Np-MCM-41, the
dug loaded Np-MCM-41 shows same morphology with uniform distribution of drug
into the channels of Np-MCM-41. Further the absence of any agglomeration suggests
the well dispersion of drug into it for all the materials.

Asp/Np-MCM-41 100 nm

Cap/Np-MCM-41 100 nm

Figure 5. TEM images of Np-MCM-41, TPA-Np-MCM-l Asp/NP-CM-41,
Asp/TPA-Np-MCM-41, Cap/Np-MCM-41 and Cap/TPA-Np-MCM-41
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In vitro release of Aspirin
Q) Comparison with physical mixture

Aspirin loading was carried out by soaking method and hence to see whether the drug
molecules only present on the outer surface of material or not, release profile of Aspirin
loaded material and physical mixture of Aspirin as well as carrier was compared and

shown in Figure 6.

It is clear from the Figure 6 that physical mixture shows 100% dissolution of
Aspirin within 1 h. while Aspirin loaded material shows controlled and ordered release
which suggests the presence of Aspirin molecule inside the channel of carrier. This is

already confirmed by BET surface area analysis.
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Figure 6. Comparison of release profile of (A) a Asp/Np-MCM-41 and (B) a
Asp/TPA-Np-MCM-41 with b physical mixture
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(i) Effect of stirring on release rate of drug

To investigate the effect of stirring on release rate of Aspirin, in vitro release study was
carried out in two different conditions: (1) stirring as well as (2) static and results are
shown in Figure 7. Under stirring condition, initially 41% Aspirin is released and
reached to 98% up to 28 h for Asp/Np-MCM-41 while in case of Asp/TPA-Np-MCM-
41; initially 28% of drug is released and reached to 98% up to 25 h. However, under

static condition for both systems, slower release was observed which may be due to the

slower diffusion of drug (Figure 7).
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Figure 7. In vitro release profile of (A) Asp/Np-MCM-41 and (B) Asp/TPA-Np-MCM-
41 under (a) stirring and (b) static condition
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(iii)  Effect of pH on release rate of drug

To examine the effect of pH on release rate of drug, release study was also carried out

in simulated gastric fluid (SGF, pH 1.2) and compered with release profile obtained in
simulated body fluid (SBF, pH 7.4) (Figure 8). For both systems: Asp/NP-MCM-41
and Asp/TPA-Np-MCM-41, faster release of drug is observed at pH 1.2 compared to at

pH 7.4. This may be due that protonation of COOH group of Aspirin was occurred at

pH 1.2 and hence C=0 group is no more present for hydrogen bonding with surface Si-

OH group of materials (scheme 1). Thus, the interaction between Aspirin and materials

become weak and hence faster release is observed under SGF.
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Figure 8. In vitro release profile of (A) Asp/Np-MCM-41 and (B)Asp/TPA-Np-MCM-

41 in (a) SBF (pH 7.4) and (b) SGF (pH 1.2)
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In vitro release of Captopril
Q) Comparison with physical mixture

In vitro release profile of Captopril was also compared with physical mixture of drug as
well as carrier and results are shown in Figure 9. In this case also physical mixture
shows 100% dissolution of Captopril within 1 h. while Captopril loaded material shows
controlled and ordered release which suggests the presence of Captopril molecule

inside the channel of carrier.
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Figure 9. Comparison of release profile of (A) a Cap/Np-MCM-41 and (B) a
Cap/TPA-Np-MCM-41 with b physical mixture

(i) Effect of stirring on release rate of drug

In vitro release study of Cap/Np-MCM-41 and Cap/TPA-Np-MCM-41 were also
carried out under stirring as well as static and results are shown in Figure 10. Under
stirring condition, initially 49% Captopril is released and reached to 98% up to 26 h for
Cap/Np-MCM-41 while in case of Capp/TPA-Np-MCM-41; initially 25% of drug is
released and reached to 88% up to 25 h. Here, also under static condition, slower

release was observed as in earlier case (Figure 10).
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Figure 10. In vitro release profile of (A) Cap/Np-MCM-41 and (B) Cap/TPA-Np-

MCM-41 under (a) stirring and (b) static condition

(iii)  Effect of pH on release rate of drug

In vitro release profiles of Captopril obtained in different pH (1.2 and 7.4) are also
compared and results are shown in Figure 11. At lower pH (SGF), higher release rate
was observed compared to high pH (SBF) which is may be because of the action of
COOH group of Captopril. However, slower release was obtained for Cap/TPA-Np-
MCM-41 compared to Cap/Np-MCM-41. Here also TPA play major role in release rate

of drug which was further explained in section (iv).
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Figure 11. In vitro release profile of (A) Cap/Np-MCM-41 and (B) Cap/TPA-Np-
MCM-41 in (a) SBF (pH 7.4) and (b) SGF (pH 1.2)
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Effect of TPA on release rate of drugs (Aspirin/Captopril)

To investigate the action of TPA on release rate of drugs, release profile of drug loaded
into pure materials were compared with functionalized materials and results are shown
in Figure 12. Initially, 41% and 28% of Asp is released and reached to 91% and 75%
up to 10 h from MCM-41 and TPA-MCM-41, respectively. It reached to 98% up to 28
h and 25 h for MCM-41 and TPA-MCM-41, respectively. Here, more controlled
release profile is obtained from TPA-MCM-41 as compared to pure MCM-41. For Cap,
initially, 49% is released and reached to 64% up to 10 h from Np-MCM-41. While in
case of Cap/TPA-Np-MCM-41, initially 25% drug is released and reached to 59%. It
reached to 98% and 88% up to 25 h for Np-MCM-41 and TPA-Np-MCM-41,

respectively.

Burst release is observed for drugs which were loaded into pure Np-MCM-41.
This may be due the release of drug molecules which are present on the surface of
carrier. However, more controlled release profile is obtained from TPA-Np-MCM-41
as compared to pure Np-MCM-41 for both the drugs. This is may be because of the
more interaction between the drug molecules and TPA-Np-MCM-41. As stated earlier,
TPA has terminal free oxygen through which it can bind with drug. This may be the
reasons of slower release of drugs from TPA-Np-MCM-41.

100 100 3
(A) (B) 1
80 - 80 -
o &
$60 8 60 -
[} [«5]
04 o
0\040 < 40
——(a) N ——(2)
20 - —— (D) 20 1 —— (b)
O T T T T T 0 T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25
Time (h) Time (h)

Figure 12. Comparison of release profile of (A) a Asp/Np-MCM-41 with b Asp/TPA-
Np-MCM-41 and (B) a Cap/Np-MCM-41 with b Cap/TPA-Np-MCM-41
Further to check that TPA act as only functionalizing agent and its structure

remain intact during release study, FTIR analysis of Asp/TPA-Np-MCM-41 and
Cap/TPA-Np-MCM-41, after release study were also carried out and spectra are shown
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in Figure 13. FTIR spectrum in both case is similar with Figure 3d (TPA-Np-MCM-41)
which confirmed that structure of TPA remains intact in Asp/TPA-MCM-41 even after

release study and it’s truly act as functionalizing agent.
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Figure 13. FTIR of drug loaded materials after release study
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Kinetics and mechanism

In order to analyze drug release in a detail and obtain the possible release mechanism,
release data up to 10 h is fitted with first order release kinetic model and Higuchi

model.
Q) First order release kinetic model

First order release kinetic model is applied to study the dissolution of drug encapsulated
in porous matrices. According to this model rate of release is concentration dependent.
Figure 14 shows plot of Log of percentage remaining data against time. It was found
that the release of Captopril as well as Aspirin follows the first order kinetic with
linearity. Further, higher linearity and higher co-relation coefficient were obtained for
Asp/TPA-Np-MCM-41 (R?= 0.9929) and Cap/TPA-Np-MCM-41 (R?= 0.9813).
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Figure 14. First ordered release kinetic model of (A) Asp/Np-MCM-41, (B) Asp/TPA-
Np-MCM-41, (C) Cap/Np-MCM-41 and (D) Cap/TPA-Np-MCM-41
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(i)

Higuchi Model

The Higuchi model (Figure 15) describes the percentage release versus square root of

time dependent process based on fickian diffusion. The release mechanism of both drug
is best explained by this model with high linearity and high correlation coefficient (R?)
value for Asp/TPA-Np-MCM-41 (R? = 0.9793) and Cap/TPA-Np-MCM-41 (R? =
0.991). Higher value of R2 for suggests, more ordered release of drugs from TPA-Np-

MCM-41 as compared to pure Np-MCM-41.

Thus kinetic and mechanistic study

shows that drug release is concentration dependent process, follows first order release

kinetics as well as it follows the Fickian diffusion mechanism.

3.5

100
(A)
80 -
]
& 60 -
2
[(]]:) 40 - ' 4
NS y = 19.382x + 37.024
R2 = 0.9495
20 -
O T T T T T T
0 05 1 15 2 25 3
Square root of time (h)
100
(©)
80 -
3
3 ] M
T . **
Q@ 40
=\
20 1 y = 5.4748x + 44.705
R2 = 0.8947
O T T T T T T
0 05 1 15 2 25 3

Square root of time (h)

35

100

(B)
y =17.261x + 18.41
R2=0.9793
0 05 1 15 2 25 3 35
Square root of time (h)
(D)
y = 12.48x + 20.102
R2=0.991
0 05 1 15 2 25 3 35

Square root of time

Figure 15. Higuchi Model of Asp/Np-MCM-41, Asp/TPA-Np-MCM-41, Cap/Np-
MCM-41 and Cap/TPA-Np-MCM-41

Kinetic study also confirms that more ordered and controlled release profile

were obtained from TPA-Np-MCM-41 as compared to pure Np-MCM-41.
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Comparision of MCM-41 and Np-MCM-41

Table 2. shows a comparison of loading effeciency (LE) of MCM-41 and Np-MCM-41.
Higher LE was obtained for Np-MCM-41 as compared to MCM-41 as former has
higher specific surface area (1100 m?/g) as compare to later one (890 m?/g). Further, a
comparision of release profile obatined for both drugs shows similar patren from
MCM-41 as well as Np-MCM-41.

Table 2. Comparision of loading effecincy of MCM-41 and Np-MCM-41

Amount of drug mg/g of materials

Drugs
MCM-41 Np-MCM-41
Aspirin 52+2 58+ 2
Captopril 52+2 67 +£2
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Conclusion

» Synthesis of Np-MCM-41 was carried out by non-hydrothermal synthetic
method and functionalization was done by using wet impregnation method.

» Synthesis and functionalization of Np-MCM-41 was achieved successfully, and
confirmed by elemental and spectral studies.

» Loading of L-Arginine was carried out by wet impregnation method and
Loading of Aspirin/Captopril was carried out soaking method. Higher loading
was observed for Np-MCM-41 as compared to TPA-Np-MCM-41.

» BET surface area analysis shows presence of L-Arginine/drugs molecules inside
the channels of carrier.

> FTIR analysis shows the type of interaction present between the L-Arginine and
carrier. From spectroscopic characterization, the possible interaction between
the L-Arginine/drugs and carrier is mainly hydrogen bonding.

» Low angle powder XRD and TEM confirms uniform dispersion of L-
Arginine/drugs inside the hexagonal mesoporous channels of carrier.

» In vitro release study of L-Arginine from Np-MCM-41 shows that L-arg:/Np-
MCM-41 is best system as compared to L-arg2/Np-MCM-41 and L-args/Np-
MCM-41.

» Comparison of release profile of L-Arginine from Np-MCM-41 and TPA-Np-
MCM-41 shows that L-argi/TPA-Np-MCM-41 is best systems.

» Comparison of release profile of drugs from Np-MCM-41 and TPA-Np-MCM-
41 shows that drugs loaded into TPA-Np-MCM-41 are the best systems.

» In vitro release study of L-Arginine/drugs shows that under stirring condition,
fast release was observed as compared to under static condition. Further, it
shows pH has great influence on the release rate.

» Kinetic and mechanistic study shows that release profile of L-Arginine/drugs

follows first order kinetic and Higuchi diffusion mechanism.
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Main Conclusions

» Synthesis, functionalization and characterization MCM-41 as well as MCM-48
by various physicochemical techniques have been carried out successfully.

> Based on in vitro release study and as well as kinetic and mechanistic study, we
propose that soaking method is better as compared to wet impregnation for
obtaining desire release rate.

» Further, the comparison of release profiles obtained from MCM-41 and MCM-
48 suggests that carrier geometry has pronounced influence on release rate of
amino acids/drugs.

> It also shows that stirring as well pH of the medium have effect on release rate
depending on type of interaction present between amino acid/drug and carrier.

» Modification of the carrier using TPA slows down the release rate compared to
pure one and this can increase the bioavailability of drug. This is further
supported by in vivo release study of CPT/MCM-48 and CPT/TPA-MCM-48.

» Kinetic and mechanistic study shows that release of all amino acids/drug
follows first order kinetic and Fickian diffusion mechanism.

» MTT study confirms that functionalization of carrier by TPA does not induce
toxicity into the carrier.

> Based on MTT study, CPT/MCM-48 as well as CPT/TPA-MCM-48 was
selected for in-Vivo study and obtained results show that the AUC of for both
systems in rats were 9802.13 + 30.2 and 1358.52+30.2 ng/Lh respectively,
which was significantly higher as compared to that of pure CPT (187.80+58
ng/Lh).

» Comparison of MCM-41 and Np-MCM-41 as carrier shows similarity in the
nature of release profiles obtained from both carriers. However, for latter case,

higher loading of drug is observed.
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Novelty of work

» Designing and development of drug delivery systems based on mesoporous
silica which was functionalized by inorganic moiety (TPA)

> Release profile of L-Arginine/Cysteine has been studied from pure and
functionalized carrier.

> In vitro release profiles of drugs (Captopril, Aspirin and Camptothecin) have
been studied with detailed kinetics.

» In vivo release profile for CPT/MCM-48 and CPT/TPA-MCM-48 has been

obtained with all pharmacokinetic parameters.
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