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Abstract:

Mesoporous silica nanoparticles (MCM-41) were used as a carrier system to study the influence
of surface charge and hydrophobicity on solubility and in-vitro drug release behavior of
Griseofulvin, a potent antifungal drug with low water solubility. Bare MCM-41 with a pure silica
composition, MCM-41 after ~amino functionalization (MCM-41-NH,;) and methyl
functionalization (MCM-41-CH3) were used in this study followed by encapsulation of
griseofulvin. Various characterization techniques have been employed to confirm the successful
drug loading inside the nanopores. The surface functionalization on MCM-41 is found to have
significant effect on griseofulvin’s in vitro release and solubility. Both negatively and positively
charged surface showed enhancement in solubility and drug release of griseofulvin. However,
the hydrophobic modification led to a retarded drug release, which is caused by the poor
wetting effect in the case of MCM-41-CH3 nanoparticles.

Keywords: mesoporous silica, surface charge, hydrophobicity, griseofulvin, drug release,
solubility

1. Introduction

Relatively higher proportions of newly emerging drug molecules from high throughput
screening are hydrophobic (poor aqueous solubility), posing a major obstacle in clinical
applications.™? Solubility enhancement is traditionally achieved by various processes such as
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salt formation, co-solvents, complexation, and solid dispersion to name a few. These
techniques, however, suffer from uncontrolled precipitation, solvent toxicity and stability
concerns.”® The main emphasis for solubility enhancement till date in the pharmaceutical
fraternity relies on particle size reduction, as reflected by Ostwald-Freundlich equation.’
Particle size reduction techniques such as comminution, micronization and spray drying are
conceived to be efficient, reproducible and economically viable. However, this process leads to
induction of physical stress on drug particles, tendency to agglomerate on standing and'is inapt
for thermolabile drugs. The development of effective carrier systems provides another pathway
to enhance the drug solubility as well as to control the release profile. Several delivery systems
such as surfactant complexes, liposomes, hydrogels, and polymeric nanoparticles have been
developed but suffer from synthesis complexity and poor biological stability.g'10

Mesoporous silica nanoparticles (MSNs) such as MCM-41""and SBA-15%, with unique
features of ordered structure, high surface area, large pore volume, tuneable pore size, ease of
surface functionalization®® and biocompatibility have attracted increased attention in drug
delivery field since the last decade.™ The influence of pore size of MSNs has been studied for
drug, peptide, protein and enzyme immobilization. *>*2 MSNs provide an adjustable pore size at
nanoscale for the confinement of drug molecules and hence the size of drug particles can be

1921 MSNs surface functionalisation

22,23

reduced at nanoscale leading to solubility-enhancement.
also plays an important role in drug encapsulation and release. Surface functionalized MSNs
with 3-aminopropyl triethoxysilane ‘help in achieving high drug loading and slower drug
release.’*?%* MSNs modified by 2-cyanopropyltriethoxysilane and
mercaptopropyltrimethoxysilane improved drug efficacy by achieving high cell specificity when

tested in cell lines. >

MSNs were modified to obtain hydrophobic surface using 1, 1, 1, 3, 3, 3-
hexamethyldisilazane, and ibuprofen release test showed that the drug release was inversely
proportional to the degree of hydrophobicity.”” Despite numerous studies highlighting the
significance and advantage of MSNs for enhancing drug solubility and the effect of surface
functionalization of MSNs on drug release, there is no study to compare the influence of

surface charge and hydrophobicity on both drug solubility and drug release.

Griseofulvin (GRIS), a potent antifungal drug, belongs to BCS class Il and is slightly
soluble in water.”® Several studies have been reported addressing the solubility and/or
dissolution enhancement of griseofulvin using processes such as solid dispersionslg'zg,
complexation with cyclodextrin®®, microemulsions®* and deformable membrane vesicles.?® In a
recent study, an inclusion complex of griseofulvin — B-cyclodextrin was formed and grafted on
the silica surface to study the adsorption kinetics, confirming the successful encapsulation of
griseofulvin in B-cyclodextrin. > However, the drug release or solubility behavior was not

reported. To date the encapsulation of GRIS inside MSNs has not been reported.
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In this study, we report the influence of surface charge and hydrophobicity of MSNs on
solubility and drug release behavior of griseofulvin in a series of MCM-41 materials (Fig.1),
including bare MCM-41, amino functionalised MCM-41 (MCM-41-NH,;) and methyl
functionalized MCM-41 (MCM-41-CHs). The surface modified MSNs were synthesized to obtain
similar pore size to avoid the influence of pore size in further evaluations. Griseofulvin‘was
encapsulated in the pore channels of MSNs by a simple rotavap technique. We studied the
influence of surface chemistry on drug solubility and drug release by comparing negatively and
positively charged MCM-41 with hydrophobic MCM-41-CHs. To the best of our knowledge this
is the first report to study the influence of surface modification of MSNs on griseofulvin’s in
vitro release and solubility.
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Fig 1. A schematic representation comparing the solubility and in vitro drug release of griseofulvin from
MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS samples. Inset represents the binding of
griseofulvin to the interior pore wall of MCM-41, MCM-41-NH, and MCM-41-CH; samples. Free drug is
represented in yellow color. Inset shows the binding of GRIS in MCM-41.

2. Experimental
2.1. Materials

Cetyl trimethylammonium bromide (CTAB), tetraethoxy orthosilicate (TEOQS), (3-
aminopropyl)triethoxysilane (APTES), chlorotrimethylsilane (TMCS), sodium lauryl sulphate (SLS)
and griseofulvin (GRIS) were purchased from Sigma-Aldrich. Reagent grade sodium hydroxide
(NaOH) was received from ChemSupply. Methanol AR and Toluene were purchased from RCI
labscan and Merck, respectively.



2.2. Characterization

X-ray diffractograms (XRD) and wide angle XRD (WXRD) were recorded on a Rigaku
Miniflex X-ray diffractometer with Fe-filtered Co radiation (A = 1.79 A). Transmission electron
microscopy (TEM) images were obtained with a JEOL 1010 microscope operated at 100 kV.
Scanning electron microscopy (SEM) characterization was performed using Hitachi SU3500
operated at 5 kV and working distance of 5.5 cm. Nitrogen physisorption measurements were
carried out at -196 °C by using a Micromeritics Tristar Il 3020 system. MCM-41, MCM-41-NH,
and MCM-41-CH3 samples were degassed at 100 C whereas griseofulvin encapsulated MCM-41
(MCM-41-GRIS), MCM-41-NH, (MCM-41-NH»-GRIS) and MCM-41-CH; (MCM-41-CHs-GRIS)
samples were degassed at 50 C overnight on a vacuum line. The pore-size distribution was
measured from the adsorption branch of the isotherm using BJH model. Fourier transform
infrared (FTIR) spectra were recorded on ThermoNicolet Nexus 6700 FTIR spectrometer
equipped with Diamond ATR (attenuated total reflection) Crystal. For each spectrum, 128 scans
and 4 cm™ resolution was applied over the range of 400-4000 cm™. Particle size and zeta
potential was measured on a Malvern Zetasizer Nano-ZS. The thermogravimetric analysis (TGA)
was performed by a Setaram TG92 instrument with a heating rate of 5 C/min in air flow.
Griseofulvin concentration was determined wusing UV-VIS spectrophometer (Shimadzu UV-
2450).

2.3. Synthesis of MCM-41

MCM-41 synthesis was_performed with slight modification to a previously reported
method by Yang et al.® Briefly, 1.0 g of CTAB was dissolved in 480 g of deionized water under
stirring at room temperature followed by addition of 3.5 mL of NaOH (2 M) and increasing the
temperature to 80 °C. Then, 6.7 mL of TEOS was added into the mixture as a silica source at 80
°C under continuous stirring for an additional 2 h. The resultant product was collected by
filtration and dried at room temperature. The as-synthesized MCM-41 was divided into three
parts. One-third of the material was subjected to solvent extraction process for the removal of
surfactant template and labelled as MCM-41. Another one-third of the material was solvent
extracted ‘and used for the preparation of methyl modified MCM-41. The remaining as-
synthesized material was utilized for the synthesis of amino modified MCM-41.

Surfactant template was removed by a reported method by Lu et. al.’** with some
modification. 0.3 g of as-synthesized material was added to 32 mL of methanol under stirring
and the temperature was increased to 60 °C. To this suspension, 2.0 mL of conc. HCl was added
and kept under continuous stirring for 36 h. Later the suspension was centrifuged and washed
with methanol twice to ensure complete surfactant removal. The final product was dried at 50
°C overnight to be used for further studies.



2.4. Synthesis of amino modified MCM-41-NH,

Amino modification was performed according to a published report with slight
changes.35 Typically, 0.4 g of as-synthesized MCM-41 was added to 25 mL of methanol under
stirring at RT followed by the addition of 1.5 mL of APTES. The suspension was stirred overnight
at RT. The amino functionalized MCM-41 with surfactant template still present in it was then
retrieved by centrifugation and washed with methanol twice. The material was then dried at 50
°C overnight before subjected to solvent extraction process for surfactant template removal as
described earlier.

2.5. Synthesis of methyl modified MCM-41

Methyl modification was performed according to a published report.>® Generally, 0.4 g
of MCM-41 after solvent extraction was added to 20 mL of TMCS solution in toluene with a
concentration of 5 wt% under stirring at 70 °C. The suspension was stirred for additional 24 h at
70 °C. The methyl functionalized MCM-41 was then centrifuged and washed with toluene and
ethanol. The material was then dried at 50 °C overnight for further studies.

2.6. Griseofulvin loading and in vitro release measurements

Griseofulvin loading was performed using rotary evaporation technique. 160 mg of
MCM-41 was placed in a rotary evaporation flask and 40 mg of griseofulvin was added to it
followed by the addition of 10 ml of dichloromethane to achieve 20% w/w drug loading
theoretically. This mixture was sonicated for 2 minutes and the solvent was slowly evaporated
using rotary evaporator at 50 °C with circulating water temperature maintained at 5 C to obtain
griseofulvin loaded MCM-41. Evaporation process was continued till all the solvent is removed
and dried powder could be observed in the flask. Dried griseofulvin loaded MCM-41 sample
(MCM-41-GRIS) was collected from the flask and used for further studies. Similar procedure
was followed for MCM-41-NH; and MCM-41-CH3 materials. Dried griseofulvin loaded MCM-41-
NH, and MCM-41-CH; materials are denoted as MCM-41-NH,-GRIS and MCM-41-CHs-GRIS,
respectively.

2.6. In vitro release and solubility studies

The in vitro release of griseofulvin from MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-
CHs-GRIS was evaluated using dialysis bag technique.'®**”*® MCM-41-GRIS, MCM-41-NH,-GRIS
and MCM-41-CHs-GRIS equivalent to 1 mg of griseofulvin was weighed and suspended in 1 mL
of 0.5% SLS. This suspension was then placed in dialysis bag with 10 kDa molecular weight
cutoff and was immersed into 9 mL of 0.5% SLS at 37 °C with continuous stirring. At pre-
determined time intervals, 1 mL of the samples were withdrawn and immediately replaced with
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an equal volume of dissolution medium to maintain the sink condition. The samples withdrawn
at pre-determined time intervals were then properly diluted and analyzed for griseofulvin
content using UV-VIS spectrophotometer at 296 nm.

Griseofulvin solubility studies were conducted by adding an excessive quantity of
griseofulvin and MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-CH3-GRIS material to 2'mL of
water. The mixture was kept for shaking for 48 h at 37 °C. The suspension was then centrifuged
and the supernatant was analyzed for griseofulvin content using a UV-VIS spectrophotometer
at 296 nm.

3. Results and discussion
3.1. Material characterization

The XRD patterns of MCM-41 material (Fig. 2A) show three well resolved diffraction
peaks at 20 of 2.44, 4.27 and 4.93° with a reciprocal d-spacing ratio close to 1: v3: 2, which can
be indexed as 100, 110 and 200 reflections of an ordered two dimensional (2D) hexagonal
mesostructure with a pore symmetry of p6mm. The positions of three diffraction peaks for
MCM-41-NH; and MCM-41-CHs are similar to-that of MCM-41 demonstrating retention of
ordered structure after surface functionalization. After encapsulation of griseofulvin in MCM-
41, MCM-41-NH, and MCM-41-CH3, no shift was observed for the three diffraction peaks,
indicating the drug loading process does not alter the ordered mesostructure.

To study the nature of griseofulvin encapsulated in MCM-41 materials, WXRD study was
performed. The WXRD patterns (Fig. 2B) were obtained for MCM-41 materials with and without
griseofulvin loading along with the physical mixtures of griseofulvin and respective MCM-41
materials. Pure griseofulvin is a crystalline compound showing sharp diffractions in the 20 range
of 10-40° The amorphous nature of MCM-41, MCM-41-NH, and MCM-41-CH; material is
evidenced from the broad peak in the 28 range of 20-30°>°*° The physical mixture of three
MCM-41 materials and griseofulvin (MCM-41-GRIS PM, MCM-41-NH,-GRIS PM and MCM-41-
CHs-GRIS PM) show diffraction peaks corresponding to pure griseofulvin. However, for MCM-
41-GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS using the rotavap technique to encapsulate
griseofulvin, no obvious diffraction peaks originating from GRIS can be observed, suggesting

that GRIS is entrapped inside the nanopores with an amorphous nature.***°
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Fig 2. (A) XRD patterns of MCM-41 materials with and without griseofulvin loading. (B) WXRD

patterns of MCM-41 materials with and without griseofulvin loading and physical mixtures of
griseofulvin with unfunctionalized and functionalized MCM-41 materials.

Typical TEM images of MCM-41, MCM-41-NH, and MCM-41-CHs are shown in Fig. 3.
Because three materials were prepared from the same mother solution, they show similar
morphologies as nanoparticles with 100-200 nm in sizes. For each particle shown in Figs. 3a-c,
parallel channel-like or hexagonally arrayed porous structures can be seen, in accordance with a
hexagonal mesostructure. The TEM results also suggest that surface functionalization of MCM-
41 in our experiments did not-affect the hexagonal structure, consistent with the XRD
characterisations. Dynamic light scattering (DLS) measurements (Fig. 3d) reveal a mean size of
190 nm for all the MSN-materials — MCM-41 (PDI = 0.182), MCM-41-NH, (PDI = 0.165) and
MCM-41-CHs (PDI = 0.223, similar to the TEM results.
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Fig 3. Transmission Electron Microscopy (TEM) image of MCM-41(a), MCM-41-NH, (b) and MCM-41-
CHs (c) materials. DLS size measurements of MCM-41, MCM-41-NH, and MCM-41-CH; materials (d).

The nitrogen adsorption/ desorption isotherms of MCM-41, MCM-41-NH, and MCM-41-
CHs exhibit a typical type IV isotherm with a steep capillary condensation step at a relative
pressure (P/Py) range of 0.2-0.4 (Fig. 4A), characteristic of MCM-41 type mesoporous materials.
From the pore size distribution curves (Fig. 4B), it is shown that MCM-41 material has a pore
size of 2.57.nm. MCM-41-NH, has a pore size of 1.99 nm, suggesting that a small amount of the
silica source (APTES) can replace the surfactants during the post-modification process starting
from the as-synthesized MCM-41.* If the post-modification of amino groups starts from MCM-
41 after removing the surfactants, the pores will be blocked (data not shown).** MCM-41-CH;
exhibits a pore size centered at 2.13 nm, suggesting slight decrease in the pore size due to the
presence of small amount of methyl groups in pore channels during the modification process.
Our observation is consistent with previous reports on the hydrophobic modification of
mesoporous materials after removing the surfactants, where the pore size is reduced by 0.25 —
0.65 nm. **%

After griseofulvin encapsulation in MCM-41, MCM-41-NH, and MCM-41-CH3 materials,
the pore size of MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS have been decreased
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to 1.87, 1.68, and 2.02 nm, respectively. The drug encapsulation also results in decrease in
surface area and pore volume. For example, the surface area and surface volume for MCM-41-
GRIS decreases to 562 m?/g and 0.45 cm?/g compared to MCM-41 from 900 m?/g and 0.86
cm3/g respectively. Similar trend was observed for MCM-41-NH,-GRIS and MCM-41-CHs-GRIS
materials as well. All the textural parameters for MSNs are summarized in Table 1 for
comparison.
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Fig 4. A) N, adsorption/desorption isotherms and B) BJH pore-size distribution plot for unfunctionalized
and functionalized MCM-41 materials with and without griseofulvin loading. C) Digital image of a) MCM-
41, b) MCM-41-NH; and c) MCM-41-CHs; demonstrating the hydrophobicity of materials by dispersing
them in organic (ether) — aqueous (water) composition.

The surface modification of MCM-41 materials was further analyzed by measuring zeta
potential (Z.P.). As shown from Table 1, MCM-41 shows a Z.P. of -33.5 + 0.42 mV, while MCM-41-
NH;and MCM-41-CHs display Z.P. of 33.2 + 0.20 and -12.7 £ 0.60 mV, respectively, confirming
the successful surface modification of MCM-41 materials. The surface modification is also
evidenced by dispersing the materials in ether — water composition as shown in Fig. 4C. Both
MCM-41 and MCM-41-NH, materials were totally dispersed in aqueous phase with a hazy
appearance, showing a hydrophilic nature. On the other hand, MCM-41-CHs; material was
completely dispersed in organic phase displaying its hydrophobic nature.

Table 1. Physicochemical properties of unfunctionalized and functionalized MCM-41 materials with and
without griseofulvin loading.

Sample a(nm) P (nm) Seer (M?/g) V, (cm’/g) Z.P.(mV)




MCM-41 4.86 2.57 900 0.86 -33.5+0.42

MCM-41-NH, 4.82 1.99 785 0.68 33.2+0.20
MCM-41-CH, 5.07 2.13 904 0.81 -12.7 £ 0.60
MCM-41-GRIS 4.94 1.87 562 0.45 -34.2+£0.34
MCM-41-NH,-GRIS 4.95 1.68 179 0.24 34.5 +0.62
MCM-41-CH;-GRIS 4.95 2.02 328 0.35 -12.4+1.30

Note: a=cell dimension; Sger = BET surface area; V, = pore volume; P = pore size; Z.P. = Zeta potential.
3.2. Adsorption of griseofulvin

The modification of MCM-41 materials with amino and methyl groups as well as the
encapsulation of griseofulvin in MCM-41 materials was confirmed by FTIR analysis as shown in
Fig. 5. Bare MCM-41 material exhibits two peaks at 803 and 1060 cm™ (Figure 5C), which can be
indexed to symmetric and asymmetric Si—O-Si stretching (v(Si-O-Si) and \(Si-O-Si)), respectively.
Two bands with low intensity are observed at 3740 cm™and 1630 cm™ which can be indexed to
the isolated silanol ({O-H)) and bending mode.of physiosorbed water respectively (Figs. 5A and
5B).2%* The silanol peak disappeared when-amino and methyl modifications are performed on
MCM-41. The amino modification resulted in appearance of peaks at 2929, 1626 and 1518 cm™
which can be attributed to C—H stretching, N-H bending and N-H stretching vibrations of
aminopropyl group anchored on the surface of MCM-41."**>%¢ The methyl modification results
in the peak at 2962 cm™ which can be attributed to C—H vibration and band of peaks at 1255,
848 and 758 cm™” attributed to Si-CH3 of methyl group from TMCS.*** Pure griseofulvin displays
two distinct peaks at 1704and 1658 cm™ which is attributed to the stretching of carbonyl group
of benzofuran and cyclohexenone respectively present in its structure.’®? The peak at 1704 cm’
! appears as broadened peak in MCM-41-GRIS. Similarly the peak at 1658 cm™ peak was
broadened and shifted to 1649 cm™in MCM-41-GRIS. The broadening of these two peaks can
be attributed to the hydrogen bonding between isolated silanols located in the interior surface
of MCM-41 and carbonyl group of benzofuran and cyclohexenone of griseofulvin.’®** Moreover,
peaks in the range of 1617-890 ecm™tin griseofulvin can also be seen in MCM-41-GRIS indicating
the encapsulation of griseofulvin. Similar results were observed for MCM-41-NH,-GRIS and
MCM-41-CHs-GRIS samples confirming the successful adosrption of griseofulvin.
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Fig 5. FTIR spectra of unfunctionalized and functionalized MCM-41 materials with and without
griseofulvin loading.

TGA analysis was used to evaluate the griseofulvin loading amount in different samples
under study (Fig. 6A). Griseofulvin encapsulated in MCM-41, MCM-41-NH, and MCM-41-CH;
materials by rotary evaporation technique was found to be 19.92 %, 15.76 % and 19.90%
respectively, indicating a high loading efficiency (80-95%) of the process, in accordance with
previous reports.”"*® For comparison, physical mixtures of griseofulvin and MCM-41 (MCM-41-
GRIS ' PM), MCM-41-NH, (MCM-41-NH,-GRIS PM) and MCM-41-CH; (MCM-41-CH3-GRIS PM)
materials were prepared. MCM-41-GRIS PM, MCM-41-NH,-GRIS PM and MCM-41-CH3-GRIS PM
samples showed weight loss of 19.89%, 20.16% and 21.05% respectively (Fig. 7A). The
hydrophobic modification inhibits the aqueous wetting of MCM-41-CH; by methyl groups
present on the material which is evident by the % wt. loss at 100°C as seen from Fig. 6A and 7A.
The moisture loss for MCM-41 and MCM-41-NH, is 7 and 11 % whereas 3% for MCM-41-CHs
material thus demonstrating the effect of hydrophobicity on moisture uptake.

Differential scanning calorimetry (DSC) analysis was performed to further confirm the
crystallinity of griseofulvin in MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS
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materials (Fig. 6B). Pure griseofulvin clearly displays a sharp melting point peak at 220 C. A
weak signal can be observed for MCM-41-GRIS PM, MCM-41-NH,-GRIS PM and MCM-41-CHs-
GRIS PM samples indicating the existence of griseofulvin’s crytalline state in their respective
physical mixtures (Fig. 7B). However, this peak cannot be seen in MCM-41-GRIS, MCM-41-NH,-
GRIS and MCM-41-CH3-GRIS samples (Fig. 6B), indicating griseofulvin’s non-crystalline state and
its succesful loading as nano-sized aggregates in the pore channels of these MCM-41

materials.?%%
= i @,ﬁ
90
2 g
80+ = | —GRIS
o —MCM-41 = | ___McM-41
E 70_—MCM-41-NH2 © ——MCM-41-NHp
A ——MCM-41-CH; :‘I’:’ ——MCM-41-CHy
S —— MCM-41-GRIS —— MCM-41-GRIS
601 ___MCM-41-NH,-GRIS ——MCM-41-NH»-GRIS
50 —— MCM-41-CH3-GRIS ——MCM-41-CH3-GRIS 220°C
0 200 400 600 800 50 100 150 200 250
Temp (°C) Temp (°C)

Fig 6. A)TGA curves and B) DSC curves of unfunctionalized and functionalized MCM-41 materials with
and without griseofulvin loading.
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Fig 7. TGA (A) and DSC (B) curves of physical mixtures of griseofulvin with unfunctionalized and
functionalized MCM-41 materials.

SEM images of GRIS, MCM-41, MCM-41-GRIS and MCM-41-GRIS PM samples were collected to
provide further information on the drug loading (Fig. 8). GRIS shows a particulate morphology with
irregular shapes and sizes (Fig. 8A). For MCM-41, spherical nanoparticles are observed with size of 100-
200 nm (Fig. 8B), in accordance with TEM observations and previous reports.”® In the case of MCM-41-
GRIS, the morphology is similar to that of MCM-41 (Fig. 8C); no irregular shaped particles are observed.
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However, both spherical MCM-41 and irregular GRIS particles are observed in MCM-41-GRIS PM (Fig.
8D). The above studies, including WXRD, FTIR, DSC and SEM characterisations, support the conclusion
that GRIS is successfully encapsulated in the nanopores of MCM-41.

Fig. 8 SEM images of pure griseofulvin (A), MCM-41(B), MCM-41-GRIS (C) and MCM-41-GRIS PM (D).

3.3. In vitro release and Solubility studies

To compare the effect of surface charge and hydrophobicity in griseofulvin encapsulated
MCM-41 materials, griseofulvin release was studied in 0.5% SLS (under sink conditions) as the
dissolution medium. After 1 h, the release of griseofulvin from MCM-41-GRIS, MCM-41-NH,-
GRIS and MCM-41-CH3-GRIS was found to be 13.40, 7.60 and 2.69% respectively compared to
7.37% from pure griseofulvin (Fig. 9). Until 8 h, the griseofulvin release from MCM-41-NH,-GRIS
(26.15%) was similar to that of pure griseofulvin (26.62%) while from that of MCM-41-GRIS and
MCM-41-CHs-GRIS was 45.19% and 8.85% respectively. Griseofulvin was completely released
from MCM-41-GRIS after 48 h. After 8 h, griseofulvin’s release from MCM-41-NH,-GRIS was
relatively faster compared to pure griseofulvin and took 96 h for its complete release. The
slower release from MCM-41-CH3-GRIS was attributed to the hydrophobic effect derived from
methyl functionlaization of TMCS on the surface.”” At the end of 96 h, MCM-41-CHs-GRIS
released 60% of griseofulvin whereas for pure griseofulvin 88% was dissolved.

Encapsulation of griseofulvin in negatively charged MCM-41 resulted in faster release while
positively charged MCM-41-NH, leads to relatively slower release. The faster release from
MCM-41-GRIS could be attributed to the presence of griseofulvin as nano-sized aggregates in
the pore channels of MCM-41."3%° The comparative slower release of griseofulvin from MCM-
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41-NH,-GRIS could be attributed to the APTES grafting on the surface which may impart
relatively slight hydrophobicity owing to the aminopropyl chain of APTES compared to MCM-41
leading to slower influx of dissolution media in the pore channels which would eventually delay
the dissolution of griseofulvin. Also, APTES grafting would impart some steric hindrance
inhibiting the release of griseofulvin from the pore channels.’® Moreover, the positively charged
amino groups may interact with negatively charged carbonyl groups, resulting in slower release from
MCM-41-NH, compared to MCM-41. This finding is in accordance with an earlier report using
emodin as the drug molecule.®® Thus, the surface charge clearly demonstrates its role in
modulating the drug release.

Hydrophobic modification of MCM-41 using methyl group results in poor influx of dissolution
media in the pore channels leading to very slow dissolution of drug resulting in its slow
release?’ which is also supported by the TGA curves in Figs.. 6A and 7A. The presence of
hydrophobic methyl groups reduces interaction of encapsulated griseofulvin with the aqueous
media. On the other hand, the hydrophilic MCM-41 results in faster drug release of almost 2
order due to the easier influx of dissolution media in“pore channels. Thus, hydrophobicity of
MCM-41 materials controls the drug release can be attributed to the wetting effect with
dissolution media. The enhanced release of griseofulvin from MCM-41-GRIS could be attributed
to the presence of nano-sized aggregates of griseofulvin and absence of steric hindrance or
hydrophobic moiety on its surface. The surface modified MSNs were prepared with similar pore
size to avoid the pore size effect in drug release and solubility studies and it was found that, the
surface charge and hydrophobicity plays a critical role in controlling griseofulvin’s release from
MSNs.
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Fig 9. In vitro release of pure griseofulvin and griseofulvin loaded in MCM-41-GRIS, MCM-41-NH,-GRIS
and MCM-41-CH;-GRIS materials in 0.5% SLS

The effect of in vitro release on MSNs particle size was studied by measuring their size using DLS. It
was observed that the particle size of MSNs was slightly altered after in vitro release studies wherein
particle size of MCM-41 (190 nm, PDI = 0.182), MCM-41-NH; (190 nm, PDI = 0.165) and MCM-41-CH,
(190 nm, PDI = 0.223) changed to 190, 220 and 220 nm with PDI of 0.179, 0.198 and 0.232 respectively
(Fig. 10).
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Fig. 10 Effect of in vitro dissolution on particle size of MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-
CH;-GRIS materials before and after release .

Griseofulvin solubility was determined by preparing saturated solution of GRIS, MCM-41-
GRIS, MCM-41-NH,-GRIS and MCM-41-CH3-GRIS in water to reach equilibrium concentration.
Griseofulvin solubility was increased approximately 3 folds in MCM-41-GRIS (62.3 pg ml™)
compared to GRIS (21.5 pg ml™, Fig. 11) which is in accordance with previous studies using
Indole-3-butyric ‘acid and curcumin loaded in MCM-41."%% | The enhanced solubility of
griseofulvin in- MCM-41-GRIS is attributed to its encapsulation in nanopores based on Ostwald-
Freundlich equation where solubility enhancement is related to particle size.” The solubility was
enhanced approximately 2 folds for MCM-41-NH,-GRIS (39.8 ug ml™) compared to GRIS. The
relatively low solubility of griseofulvin in MCM-41-NH,-GRIS compared to MCM-41-GRIS could
be attributed to the steric hindrance offered by the aminopropyl group grafted on its surface
inhibiting the release of GRIS from the pore channels leading to comparatively decreased
solubility.50 However, the solubility of MCM-41-NH,-GRIS is higher compared to pure GRIS as
GRIS is a hydrophobic drug with low solubility and is present in crystalline state whereas for
MCM-41-GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS, GRIS is present in amorphous state
as observed from Figs. 2B, 5 and 6B. Hydrophobic MCM-41-CHs-GRIS (22.6 ug ml™) displayed
solubility similar to that of pure griseofulvin due to the methyl groups present on its surface
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leading to poor wetting of silica material and hence very slow influx of solvent in pore channels
leading to low solubility. Thus, the surface functionalization in the form of surface charge and
hydrophobicity leads to variation in the solubility profile of griseofulvin.
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Fig 11. Saturated aqueous solubility of pure griseofulvin and griseofulvin encapsulated in MCM-41-
GRIS, MCM-41-NH,-GRIS and MCM-41-CHs-GRIS samples.

4. Conclusion

MSNs were synthesized with different surface charge and hydrophobicity while
retaining similar particle and pore size to study their influence on solubility and in vitro release
of encapsulated griseofulvin. It was found that hydrophilic nanoparticles (MCM-41 and MCM-
41-NH,) enhanced the solubility and drug release compared to hydrophobic nanoparticles
(MCM-41-CH3) owing to their better wetting capability. Within hydrophilic nanoparticles,
negatively charged particles (MCM-41) demonstrated 1.5 times higher solubility compared to
positively charged nanoparticles (MCM-41-NH,). Thus, both the solubility and release of
griseofulvin can be modulated by carefully selecting the surface functionalization on MSNs. The
findings from this study may provide new insight on rationally designed MSNs for applications
in drug delivery.
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e The first example of controlled release of Griseofulvin using mesoporous materials
e A systematic study on the role of surface chemistry on solubility and drug release

e Hydrophilic silica particles enhanced solubility and drug release of Griseofulvin
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