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Abstract

The adsorption and in vitro release properties of the poorly soluble cytostatic agent DL-
aminoglutethimide (AGT) on pristine MCM-41, 3-aminopropyl and a novel N-propyl-2-
sulfanylacetamide functionalized MCM-41 materials were studied. The mesostructured supports and
hybrid samples were characterized by small- and wide-angle X-ray diffraction, FT-IR spectroscopy,
thermogravimetric and calorimetric analyses, SEM-EDX and N, adsorption-desorption isotherms. The
drug uptake was found to be strongly influenced by its ionization state and solution pH. Drug release
experiments show a spectacular increase in dissolution rate of therapeutic agent for all hybrid samples,
indicating that aminoglutethimide encapsulation into the mesopores of MCM-41-type supports is a viable
strategy for dissolution rate enhancement. Using a knowledge-based logit hydrogen bonding propensity
model to assess the relative strengths of drug-support supramolecular interactions, we have proposed that
a Si-OH"CI" AGT" mechanism is responsible for the increased drug adsorption in acid media and release
rate enhancement at physiological pH.

Keywords: hydrogen bonding propensity, mesoporous silica, dissolution rate enhancement,
aminoglutethimide, functionalized MCM-41

Introduction

Mesoporous silica nanoparticles are promising carriers for obtaining drug delivery systems with
applications such as targeted drug delivery', controlled release” and solubility enhancement’ due to their
good adsorbent properties, non-toxicity and biocompatibility™. Moreover, the mesoporous silica

properties can be easily tailored through synthesis by the incorporation of different atoms into the silica

8-10

framework®™ 7, grafting of organic groups into mesochannels®'’, controlling the pores size'' and their

12,13 14-17

arrangement ~°, as well as nanoparticles morphology
DL-Aminoglutethimide,  (#)-3-(4-aminophenyl)-3-ethyl-piperidine-2,6-dione ~ (AGT), an
aromatase inhibitor'® used in the treatment of breast cancer'” and Cushing’s syndrome® was chosen as a

model molecule in this work. AGT has a low water solubility and good permeability, being considered a

* Corresponding author: Daniela Berger Tel. +40 214023986 e-mail: danaberger01@yahoo.com
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class II drug according to the Biopharmaceutics Classification System, with solubility as the limiting
factor in adsorption and bioavailability. Therefore an increase in dissolution rate or solubility can improve
the therapeutic effect. In the previous reports mesoporous silica encapsulation has been shown as a good
strategy to increase the dissolution rate of poorly soluble drugs like naproxen®, ibuprofen” and
carbamazepine™. Moreover, the model drug is structurally related to phenobarbital and phenytoin and it
contains the imide functional group, a common drug synthon which can participate in various
supramolecular interactions.

To date, the encapsulation of aminoglutethimide in mesoporous silica and its subsequent in vitro
release was not studied. The present work was aimed at exploring the possibilities of AGT dissolution
rate enhancement through encapsulation in pristine and functionalized MCM-41-type silica supports. A
novel functionalized MCM-41 material containing N-propyl-2-sulfanylacetamide groups grafted on silica
pore walls was synthesized and employed in comparison with 3-aminopropyl functionalized MCM-41 to
assess the influence of different organic groups on AGT encapsulation and release in simulated body fluid
(saline phosphate buffer solution, pH=7.4). The N-propyl-2-sulfanylacetamide functionalization was
chosen due to the possibility of hydrogen bonding formation with the amide — based synthons, found in
many drugs.

As demonstrated recently, in the case of acetylsalicylic acid and ibuprofen®, the drug-silica
interactions are dominated by dispersion and hydrogen bonding effects. In the present work, we have
employed a logit hydrogen bonding propensity (LHP) model**® to qualitatively assess the strength of
hydrogen bonding between water, silica supports and their organic moieties bound on the pore walls and
both neutral and ionized AGT molecules. Based on the LHP model results, the AGT incorporation and
delivery profile could be explained. To the best of our knowledge, the LHP model has not been

previously employed to describe the supramolecular interactions in mesoporous silica-type materials.

Experimental

Materials

Mesoporous MCM-41 silica (Aldrich), (3-aminopropyl)triethoxysilane (APTES, Sigma—Aldrich),
thioglycolic acid (Sigma—Aldrich), N,N'-diisopropylcarbodiimide (DIC, Aldrich), N-hydroxysuccinimide
(HOSu, Fluka), DL-aminoglutethimide (Aldrich) and solvents (Sigma—Aldrich) were used as received.

Synthesis of 3-aminopropyl functionalized MCM-41 material (MCM-APTES)
The pore surface modification of MCM-41 material with 3-aminopropyl groups was carried out

by silylation method”’. Briefly, 0.7 g MCM-41 was dried at 110 °C for 1 h under vacuum and dispersed in
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35 mL toluene and then 0.7 mL (3 mmol) APTES was added. The reaction mixture was heated at reflux
for 4 h. The functionalized solid, labelled MCM-APTES, was recovered by centrifugation, washed with

toluene, absolute ethanol and 0.1 M HCI aqueous solution and then dried in air at room temperature.

Synthesis of N-propyl-2-sulfanylacetamide functionalized MCM-41 material (MCM-TG)

A novel N-propyl-2-sulfanylacetamide functionalized MCM-41 material (MCM-TG) was
prepared by suspending 0.18 g MCM-APTES in 10 mL acetonitrile under magnetic stirring, followed by
the addition of a solution containing 75 pL N,N'-diisopropylcarbodiimide (1 mmol), 0.115 g N-
hydroxysuccinimide (1 mmol), 70 pL thioglycolic acid (1 mmol), 335 uL hexadecyldimethylamine (1
mmol) in 2 mL acetonitrile at room temperature. The reaction mixture was stirred for 18 h at 25 °C
(Scheme 1). The solid was recovered by centrifugation, washed twice with acetonitrile and ethanol and

air-dried.
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Scheme 1. MCM-41 pore wall functionalization with APTES and subsequent condensation reaction with
thioglycolic acid

Drug loading and in vitro release studies

Drug loading onto the mesoporous matrices was carried out by solution impregnation. Usually,
0.1 g support was out-gassed for 1 h at 110 °C under vacuum. A solution containing 0.1 g drug was added
and kept under magnetic stirring for 24 h. Acetonitrile, ethanol or acidic (HCl) aqueous solution were
used. In the case of acidic solutions, an excess of HCI was employed in order to ensure sufficiently acid
pH for complete drug dissolution. The hybrid material was isolated by centrifugation and the cytostatic
agent loading was evaluated by UV-VIS spectroscopy by measuring the supernatant solution absorbance
at 238 nm. Thermogravimetric analysis was also employed to confirm the drug uptake values. The AGT
loaded hybrid materials are denoted “AGT@support;solvent”. For example, the hybrid material obtained
using MCM-41 and AGT alcoholic solution is labelled AGT@MCM;EtOH, while drug loaded onto
MCM-TG from HCI 1 M aqueous solution has yielded the hybrid material AGT@MCM-TG;HCI 1M.
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In vitro aminoglutethimide release studies were performed in a 250 mL glass reactor under
magnetic stirring (100 rpm), at 37 °C in “sink” conditions, using a quantity of hybrid sample containing
10 mg drug at a constant volume of 90 mL phosphate buffer solution pH=7.4. The AGT concentration in
the release medium was monitored by UV-VIS spectroscopy. Aminoglutethimide dissolution was

investigated in the same conditions, employing 10 mg therapeutic agent.

Characterization

Fourier transform infrared spectra (FT-IR) were recorded on a Bruker Tensor 27 spectrometer
using the KBr pellets technique. Differential scanning calorimetry (DSC) was performed on a Setaram
131 Evo calorimeter in 30 pL aluminium pans with pierced lids under N, flow at a 10 °C/min. scanning
rate. UV-Vis spectra were recorded using an Ocean Optics USB 4000 spectrometer, in 1 cm quartz
cuvettes. Thermogravimetric analyses were recorded on a Mettler Toledo GA/SDTAS851e equipment, in
the temperature range of 30-850 °C, in air using alumina crucibles and a heating rate of 10 °C/min. The
Si0,:3-aminopropyl molar ratio was computed from the organic groups mass loss of MCM-APTES
subtracting the weight loss associated to water desorption. For the SiO,: N-propyl-2-sulfacetamide molar
ratio, the water desorption and 3-aminopropyl mass loss was subtracted from the total mass loss. Small-
and wide-angle XRD was carried out using a Rigaku MiniFlex II diffractometer with CuKa radiation.
Nitrogen adsorption—desorption isotherms were obtained on a Quantachrome Autosorb iQ porosimeter at
77 K. Specific surface area values were determined by the Brunauer—-Emmett—Teller (BET) model in the
0.1-0.3 relative pressure range of the isotherm adsorption branch, while pore size distribution was
computed using the Barrett-Joyner-Halenda (BJH) theory from the desorption branch. Scanning electron
microscopy (SEM) investigation was performed on a Tescan Vega 3 LM electron microscope endowed

with an energy-dispersive X-ray spectroscopy (EDX) module.

Logit hydrogen bonding propensity model

The logit hydrogen bonding propensity (LHP) model is a knowledge-based model, which can
assess the probability of hydrogen bonding (or “propensity”’) between suitable donor and acceptor
heteroatoms in a given molecule or group of molecules, based on the existing crystallographic
information in the Cambridge Structural Database (CSD v5.34, updated up to February 2013)
repository>®. The Mercury v3.1 software was used to construct the LHP model. The target molecule is
described in terms of functional groups containing hydrogen bond donors or acceptors and from all the
CSD structures containing at least one functional group, a subset containing the closest matches is then

selected. From this “training set” the information pertaining to the environment of the selected functional
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groups (such as aromaticity, steric density, competition etc.), as well as the presence or absence of a
hydrogen bonding is extracted. A logistic regression of the extracted information is used to build a
statistical model, which can predict the probability of hydrogen bonding between each donor-acceptor
pair. This propensity takes values between 0 (no hydrogen bonding) and 1 (hydrogen bonding always
occurs). The discrimination strength of the model is given by the “area under receiver operating
characteristic curve” (AUC) parameter, which denotes the correct identification of hydrogen bonding in
the training set using the statistical model, with values between 0 (statistical chance identification) and 1
(correct outcome obtained for all hydrogen bonding in the training set).

For aminoglutethimide, a cyclic imide (-CO-NH-CO-) and aromatic primary amine (C,romaic-NH>)
groups were considered in the LHP model. In the case of aminoglutethimide hydrochloride charged amine
group (-NH3") and chloride (CI') ions were employed instead of the aromatic primary amine moiety. The
mesoporous silica surface was approximated by: hydroxyl group bonded to tetravalent silicon (Si-OH),
Si-O-Si fragment, aliphatic amine group for MCM-APTES (Cjiphaic-NH>), aliphatic amide (Cijiphatic-CO-
NH-Chiiphatic) and aliphatic thiol groups (Cijiphatic-SH) for MCM-TG. Water (H,O) was also included. The
siloxide anion (Si-O’) was not employed due to the low occurrence of this group in the CSD.

The training set for uncharged AGT contains 1556 structures (Table S1), with an AUC value of
0.792, while for the aminoglutethimide hydrochloride it is composed of 1437 total structures (Table S2),
with an AUC value of 0.799. In both cases, 114 Si-O-Si and 211 Si-OH instances were found in the CSD.

Results and discussion

Carriers characterization

The successful functionalization with aminopropyl groups in the case of MCM-APTES and
additional condensation of thioglycolic acid for the MCM-TG matrix were evidenced by FT-IR
spectroscopy (Fig. 1). Both functionalized materials present the characteristic silica vibrations at 1080 and
800 cm™ associated with asymmetric and symmetric Si-O-Si stretching vibrations, Si-OH stretching
vibrations at 960 cm™ and Si-O-Si bending at 460 cm™'. The bands in the range of 2800-3000 cm™ can be
attributed to the stretching C-H vibrations (2978, 2934, 2887 cm™ for MCM-APTES — Fig. 1 A and 2927,
2855 cm™ for MCM-TG - Fig. 1 B). The bending vibrations of amine group (1560 cm™ for MCM-APTES
— Fig. 1 A) and the amide characteristic vibrations (1678, 1645 cm™ for MCM-TG — Fig. 1 B) were
identified. The lack of carboxylic acid characteristic vibrations at 1720 cm™ in the FTIR spectrum of
MCM-TG (Fig. 1 inset) indicates that the thioglycolic group is chemically bound to the silica pore walls
through amide bonds.
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Page 7 of 20 RSC Advances

0 OO 00 O o
~ AN SO 0O O ©
(o)) N~ OO oo © <

0
[Tel
@
R v

Transmittance (a.u.)

171800

1600: : - ol g
T T T T 1) T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 1. FT-IR spectra of A) MCM-APTES, B) MCM-TG and C) thioglycolic acid. Inset shows the 1900 -
1500 cm™ region of the spectra for the same compounds

The amount of grafted 3-aminopropyl and N-propyl-2-sulfacetamide groups was quantified by
thermogravimetric analysis (Fig. 2). For both functionalized carriers, water molecules desorption caused
the mass loss in the 50-130 °C temperature range. The combustion of organic groups bound on silica pore
surface of MCM-APTES (9.8% mass loss) and MCM-TG (16.9%) took place ranging from 150 °C to 800
°C in two and three steps, indicating a molar ratio SiO, : 3-aminopropyl of 1 : 0.112 and SiO, : N-propyl-
2-sulfacetamide of 1: 0.102, respectively. Therefore, MCM-TG contains some unreacted APTES groups,
the thioglycolic acid condensation yield being 91 %.
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Fig. 2. Thermogravimetric analysis of MCM-APTES (A), MCM-TG (B) and MCM-41 (C)

The small-angle XRD patterns of the mesoporous carriers show three Bragg reflections, (100),

(110), (200) belonging to the hexagonal P6m symmetry (Fig. 3). The hexagonal pore array is preserved in
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the functionalized MCM-41 materials, although a progressive reduction of the relative intensities for the
(110) and (200) Bragg reflections with increasing organic group length can be noticed. This could be

explained by the increase in electronic density inside the mesopores caused by the grafting of organic

groups.”

—A) MCM-41
——B) MCM-APTES
—C) MCM-TG

(100)

(110)  (200)

Intensity (a.u.)

Fig. 3. Small-angle XRD patterns of MCM-41 (A), MCM-APTES (B) and MCM-TG (C)

The three supports present type IV N, adsorption-desorption isotherms characteristic for
mesoporous materials (Fig. 4). Both functionalized MCM-41 supports show a comparable and marked
decrease in the N, adsorbed volume as compared with the pristine MCM-41, signifying a partial filling of
the mesopores with organic groups bound on the silica pore surface. As expected, increasing the length of
the organic substituent leads to a decrease in the average pore size value from 2.97 nm for MCM-41 to
2.13 and 1.87 nm for MCM-APTES and MCM-TG, respectively (Fig. 4 inset). The closing of the
hysteresis loop at 0.42 relative pressure is caused by the capillary condensation of nitrogen into the
mesoporous channels, resulting in a false peak in the pore size distribution centred at ~ 4 nm. * The 0.55
cm’g”’ pore volume value for the MCM-APTES sample is higher than the 0.41 cm’g” pore volume of
MCM-TG support (Table 2).
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Fig. 4. N, adsorption-desorption isotherms for MCM-41 (A), MCM-APTES (B) and MCM-TG (C). Inset
shows the pore size distribution for the same materials

Aminoglutethimide loading experiments and characterization of hybrid samples

In order to increase the cytostatic agent uptake, all the drug loading experiments were performed
in concentrated solutions, close to the solubility limit of the compound. AGT loading from acetonitrile
(c=100 gL™) or ethanol (c=16.7 gL™") solutions led to a crystalline drug phase on the support surface (Fig.
5), besides the amount adsorbed into the pores. AGT loading from acidic aqueous solutions resulted in
hybrid samples with no crystalline drug phase, signifying therapeutic agent adsorption only at the
mesopore level. In all cases, a direct relationship between the drug concentration in the initial solution and
loading yield has been noticed. For example, experiments using the MCM-41 support and an acidic HCI
0.1 M solution containing 10 gL' AGT afforded a drug uptake of 12.3 %, while employing a 1 M HCI
solution containing 100 gL' AGT yielded a drug lading of 38.3% (Table 1). Therefore, IM HCI aqueous
solution containing 100 gL' AGT constitutes the best loading conditions, resulting in high amount of
biologically-active compound adsorbed into the mesopores.

Although slightly lower than for MCM-41-based hybrids, good AGT uptake values for the
functionalized supports were obtained. However, loading onto the MCM-APTES carrier led to the partial
crystallization of AGT, indicated by small intensity diffraction peaks in the wide-angle XRD pattern of
AGT@MCM-APTES;HCI 1M (Fig. 5 F).
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Table 1. Drug loading conditions, its content in hybrid samples and crystalline drug phase identified by
XRD

Hybrid sample MAGT/Mgypport  Solvent Cacr /g L' AGT content  Crystalline drug
/% wt ! Y%owt. phase
AGT@MCM;MeCN 100 MeCN 100 28.8 yes
AGT @MCM;EtOH 100 EtOH 16.7 22.1 yes
AGT @MCM;HCI 0.1M 100 HCI10.1M 10 12.3 no
AGT @MCM;HCI IM 100 HCI IM 100 33.1 no
AGT @MCM;HCI 0.5M 50 HC10.5M 50 20.1 no
AGT @MCM-APTES;HCI 1M 100 HCI IM 100 27.1 yes
AGT@MCM-TG;HCI IM 100 HCI IM 100 22.5 no

The AGT uptake values determined from UV-VIS spectroscopy (Table 1) were in good
agreement with the thermogravimetric analysis (data not shown).

The mesopore hexagonal pore array was preserved after AGT loading procedure in all cases,
revealed by the presence of the three characteristic Bragg reflections in low angle-XRD patterns (Fig. 5
inset). The wide angle-XRD data of AGT@MCM;MeCN (Fig. 5 A), AGT@MCM;EtOH (Fig. 5 B) and
AGT@MCM-APTES;HCI IM (Fig. 5 F) show the characteristic peaks of crystalline AGT, besides the

broad diffraction peak specific for amorphous silica.

Intensity (auw)

Intensity (a.u.)

T L§ T T T T L] T
10 15 20 25 30 35 40
20 (°)

Fig. 5. Wide angle-XRD data of AGT and hybrid samples AGT@MCM;MeCN (A), AGT@MCM;EtOH
(B), AGT@MCM;HCI 0.1M (C), AGT@MCM;HCI 1M (D), AGT@MCM;HCI 0.5M (E), AGT@MCM-
APTES;HCI 1M (F) and AGT@MCM-TG;HCI 1M (G). Inset shows low angle-XRD patterns of
AGT@MCM;MeCN (A), AGT@MCM;HCI 1M (D), AGT@MCM-APTES;HCI 1M (F) and
AGT@MCM-TG;HCI 1M (G)

For all hybrid samples, the presence of the drug molecules was evidenced by FT-IR spectroscopy
(Fig. 6). The drug crystalline phase formation could be correlated with N-H stretching vibrations (3473,
3379 cm™ Fig. 6 B, C and E), which are absent for the hybrids containing only amorphous AGT (Fig. 6 D
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and F). This fact might be explained by the existence of the drug molecules as charged amines or by the
involvement of the amine groups into hydrogen bonding with the surface moieties of the carriers.

Additional information regarding the state of drug phase present in hybrid samples could be
ascertained by DSC. The AGT drug shows a sharp endothermic event with Tyue = 150.9 °C, associated
with the melting of the bulk crystalline drug. Both the mesoporous supports and hybrid samples present
an endothermic event in the 50-125 °C temperature range, assigned to physisorbed water desorption.

All hybrids which show the crystalline AGT peaks in wide-angle XRD data (AGT@MCM;MeCN
and AGT@MCM;EtOH — Fig. 5 A and B) also present the endothermic drug melting in DSC traces at the
same temperature as bulk AGT (~151°C), with the exception of AGT@MCM-APTES; HC1 1M. All other
hybrid materials prepared from acidic aqueous solution lack a drug melting event, confirming the
amorphous AGT state indicated by wide-angle XRD analyses.

For the AGT@MCM-APTES; HCI 1M material (Fig. 7 F) the drug melting point is lowered with
7 °C (Tonse=144.2 °C). This melting point depression could be explained either by the existence of a
different crystalline drug phase in this material (such as a salt, solvate, hydrate or polymorph) or by
particle size reduction (nanoscale effect). The decrease of particle size of crystalline substances to the
nanometer scale leads to a decrease of their melting and recrystallization points®**'. The wide-angle XRD
pattern of AGT@MCM-APTES; HCI 1M contains the most intense characteristic AGT peaks (Fig. 5),

suggesting that in this case the melting point depression is caused by the nanoscale effect.
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Fig. 6. FTIR spectra of AGT (A), AGT@MCM;MeCN (B), AGT@MCM;EtOH (C), AGT@MCM;HCI
IM (D), AGT@MCM-APTES;HCI 1M (E) and AGT@MCM-TG;HCI 1M (F)



RSC Advances Page 12 of 20

exotherm
5

Heatflow (a.u.)
//0

T T T
50 75 100 125 150

Temperature (°C)

Fig. 7. DSC curves of AGT (A), MCM-41 (B), AGT@MCM;MeCN (C), AGT@MCM;HCI IM (D),
AGT@MCM-TG;HCI IM (E) and AGT@MCM-APTES;HCI 1M (F)

Nitrogen adsorption-desorption isotherms of hybrid samples containing pristine MCM-41
support, AGT@MCM;HCI IM and AGT@MCM;HCI 0.5M present lower porosity and the characteristic
hysteresis loop of MCM-41-type materials (Fig. 8 A and B). The adsorbed N, volume reduction can be
explained by the presence of the drug inside the mesochannels, as AGT@MCM;HCI 1M has a higher
content of drug and lower porosity. For the hybrid materials the average pore diameter is only slightly
reduced in comparison with the MCM-41 support (Table 2), denoting weak interactions between the
adsorbate molecules and the support.

In the cases of AGT@MCM-APTES;HCI 1M and AGT@MCM-TG;HCI 1M samples, type 11
isotherms were recorded (Fig. 8 C and D) characteristic for nonporous materials. As the functionalized
supports have lower mesopore volume than MCM-41, the AGT molecules almost completely filled out
the mesopores. The lack of porosity of AGT@MCM-APTES;HCI 1M hybrid correlates with the DSC and
wide-angle XRD data, as a crystalline AGT can block the accesses of gas molecules to the mesopores

(Table 2).

Table 2. Structural and textural parameters of mesoporous supports and hybrids

Samples ap/mm  djp/mm  dgy/mm wt /nm SBET /m’ g'1 Vineso ! cm’ g'1
MCM-41 4.86 421 2.97 1.89 959 0.94
MCM-APTES 4.58 3.97 2.13 2.45 620 0.55
MCM-TG 4.54 3.93 1.87 2.67 521 0.41
AGT@MCM;HCI 1M 4.57 3.96 2.72 1.85 95 0.10
AGT@MCM;HCI 0.5M 4.62 4.00 2.67 1.95 435 0.44
AGT@MCM-APTES;HCI IM 4.58 3.97 1.35 3.23 15 0.01

AGT@MCM-TG;HCI 1M 4.52 3.92 1.87 2.65 36 0.04
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*Pore volume computed for pores with diameter lower than 10 nm; wr is wall thickness.
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Fig. 8. N, adsorption-desorption isotherms for AGT@MCM;HCI 0.5M (A), AGT@MCM;HCI 1M (B),
AGT@MCM-TG; HCI IM (C) and AGT@MCM-APTES;HCI 1M (D). Inset shows the pore size
distribution of the same samples

The morphology of supports and hybrids (Fig. 9) consists of spherical particles, forming
agglomerates with sizes varying from 100 nm up to 1-2 um, characteristic for MCM-41-type materials.
Drug loading procedure did not alter the morphology of the carriers (Fig. 9 A versus B). The EDX
analysis on AGT@MCM-TG;HCI 1M revealed the presence of chlorine atoms.

..

Fig. 9. SEM micrographs of MCM-TG (A), AGT@MCM-TG; HCI 1M (B) and

AGT@MCM-APTES; HCI 1M (C). All scale bars are 500 nm.

Aminoglutethimide in vitro release
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The AGT release profiles in phosphate buffer solution, pH 7.4 at 37 °C were obtained for the
hybrid samples. Compared with the bulk crystalline drug dissolution, all hybrid materials exhibited a
spectacular increase in drug dissolution rate (Fig. 10). At least 95% of the total drug cumulative release
was reached after 15 minutes, while a similar dissolution level for the bulk drug was attained only after 6
h. Particularly for poorly soluble drugs, dissolution rate enhancement can occur after loading onto
mesoporous materials®>>*. This effect could be explained by the synergetic action of several factors,
mainly the large surface area available to the solvent molecules in the case of drugs adsorbed only on the
mesopore surface and the existence of biologically-active compound in amorphous state’®. Considering
the large variation in porosity for hybrids (Table 2) and the fast release of all samples, the presence of
AGT in mesopores in an amorphous state likely has the main contribution.

High total cumulative release values between 88-100% were obtained for all hybrid samples, with

complete release for AGT@MCM-TG1 M HCI and lowest for AGT@MCM-APTES;1 M HCI (Fig. 10).
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Fig. 10. Aminoglutethimide dissolution and release profiles for hybrid samples

Logit hydrogen bonding propensity model

The LHP propensity model was employed in order to give additional insight into the differences
of AGT loading as a neutral or protonated molecule. It was rationalized that the main difference between
the two cases will arise from the hydrogen bonding and electrostatic interactions between the AGT
molecules and carrier surface groups and not from marked differences in van der Waals forces.

The highest propensity donor-acceptor pairs for uncharged silica fragment, water and uncharged
AGT are presented in Table 3, while the corresponding results for the AGT hydrochloride are presented

in Table 4. The donor and acceptor atoms are denoted according to the formulas presented in each table.
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Table 3. LHP results for neutral AGT, support and water. Only pairs with propensity values greater than
0.70 are presented

Fragment formula Donor Acceptor Propensity Pll')oor:le;ls;ty Interaction type
NH, N4 OA 010 0.98 0.96 - 0.99 Drug - support
N4 010 0.97 0.94-0.99 Drug - drug
H,0 010 0.96 0.92-0.98 Drug - water
NA o10 0.96 0.92-0.98 Drug - support
012 0 NB 010 0.92 0.85-0.96 Drug - support
CHy OA OA 0.90 0.85 - 0.93 Support - support
NN OA 012 0.89 0.80 - 0.94 Drug - support
5 010 SH 010 0.88 0.74 - 0.95 Drug - support
N1l o10 0.87 0.76 - 0.94 Drug - drug
H.0 N4 OA 0.86 0.78 - 0.91 Drug - support
SH sH 2
N4 012 0.85 0.74 - 0.92 Drug - drug
k)&o Oc " OA ocC 0.85 0.77 - 0.90 Support - support
H,O OA 0.81 0.72 - 0.88 Support - water
ng N NH; NA OA 0.81 0.71-0.88 Support - support
H,O 012 0.80 0.67-0.89 Drug - water
NA O12 0.80 0.66 - 0.89 Drug - support
Si OB Sj Si N4 oC 0.79 0.71-0.85 Drug - support
HO/C{ \O Hcé \O/ OA NA 0.76 0.66 - 0.84 Support - support
OA OA H,O 0.75 0.64 - 0.83 Support - water
H,0 oC 0.73 0.64 - 0.80 Support - water
NA oC 0.73 0.63 - 0.81 Drug - support

For both charged and neutral drugs, it can be seen that the hydrogen bonding interactions between
AGT molecules and silanol groups have higher propensities than the drug-drug or support-support
interactions. The propensity for hydrogen bonding between N4 or N11 nitrogen atoms and the imide
oxygen of AGT is slightly higher for the N4 amine atom (0.97 versus 0.87 for N11) and comparable with
silanol (0.98). These results indicate that hydrogen bonding is possible between the drug molecule and the
pristine and functionalized supports, occurring mostly by silanol — imide oxygen bonds. Generally, the
highest propensity bonds are formed between silanol or any nitrogen donors (from AGT and APTES or
TG groups) and the O10 acceptor atom of AGT. Hydrogen bonding to the imide O12 atom has lower

propensity (Table 3), probably because of steric hindrance of this atom.
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Table 4. LHP results for AGT, support and water. Only pairs with propensity values greater than 0.70 are
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presented
Fragment formula Donor Acceptor Propensity Pli)ool:le;ﬁity Interaction type
) OA Ccr 0.98 0.97 - 0.99 Drug - support
N4 NH; CI 0A 010 0.98 0.96 - 0.99 Drug - support
N4 Cr 0.98 0.97 - 0.99 Drug - drug
N4 010 0.98 0.95-0.99 Drug - drug
NA Cr 0.97 0.95-0.98 Drug - support
012 0 NA 010 0.97 0.93 - 0.99 Drug - support
CHy H,0 cr 0.96 0.94-0.97 Drug - water
NA 1HN H,0 010 0.96 0.9-0.98 Drug - water
5 616 NB Cr 0.93 0.9 -0.96 Drug - support
NB 0o10 0.92 0.84-0.96 Drug - support
SH Ccr 0.92 0.86 - 0.95 Drug - support
SH s a0 NIl cr 0.91 0.85 - 0.95 Drug - d
. . . g - drug
k/éo Oc SH 0o10 0.91 0.79 - 0.96 Drug - support
OA OA 0.91 0.86-0.94 Drug - drug
N1l 010 0.90 0.81-0.95 Drug - drug
OA 012 0.90 0.81-0.95 Drug - support
N4 OA 0.87 0.8-0.92 Drug - support
Si OB S| N4 012 0.87 0.78 - 0.93 Drug - drug
/ / \O/ NA OA 0.84 0.76 - 0.9 Support - support
I-(|)OA NA 012 0.84 0.73 -0.91 Drug - support
OA ocC 0.82 0.74 - 0.88 Support - support
H,O OA 0.79 0.69 - 0.86 Support - water
OA NA 0.79 0.69 - 0.86 Support - support
H,0 012 0.78 0.65-0.87 Drug - water
N4 ocC 0.78 0.7-0.85 Drug - support
OA H,O 0.77 0.67 - 0.85 Support - water
NA ocC 0.73 0.63 - 0.81 Support - support
N4 H,0 0.71 0.62 -0.78 Drug - water

obtained between the N4, N11 AGT donors or all available donor atoms pertaining to the mesoporous
supports and the chloride anion. The three highest overall propensity interactions are the silanol -

chloride, N4(AGT) — chloride and silanol —

In the case of protonated AGT (Table 4), very high propensity (> 0.90) hydrogen bonding is

imide oxygen hydrogen bonding pairs (all three being 0.98).

The support-chloride interactions follow the same trend as the most probable drug-support hydrogen

bonding previously discussed, albeit with an increased propensity. These high propensity bonds suggest

that supramolecular interactions are easily formed between all the investigated mesoporous supports and
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chloride anions present in solution, leading to the anion adsorption onto the support channels surface. In
highly acidic conditions, some APTES groups of support are protonated, likely leading to additional
strong electrostatic interactions with the chloride anions.

The probability of hydrogen bonding of the support donors can be ranked in decreasing order:
silanol > alkyl amine > dialkyl amide > alkyl thiol. The ranking is valid for all hydrogen bonding between
mesoporous surface groups and neutral or protonated AGT molecules, as well as for chloride anions.

Regarding the drug-drug hydrogen bonding for the neutral molecule, the LHP model predicts that
the strongest interactions occurs between the aromatic amine donor atom N4 and the O12 atom of the
imide group. The next probable supramolecular interaction occurs between the N11 and O10 atoms of the
imide group. These two interactions are the hydrogen bonds experimentally found in the crystal structure
of aminoglutethimide’’, supporting the validity of the LHP propensity model.

Based on the model and experimental results we propose that the neutral AGT molecules can
form hydrogen bonding with the silanol groups and nitrogen atoms present on the support pore surface. In
acidic media, the protonated AGT molecules can form additional attractive electrostatic interactions and
hydrogen bonding with the chloride anions bound to the support surface through supramolecular
interactions, leading to a stronger adsorption into the pores of supports. At pH=7.4, a fraction of silanol
surface groups became deprotonated concomitantly with the neutralization of charged aminoglutethimide
molecules. This likely result in repulsive interactions with the chloride anions and diminishes the number
of available hydrogen bonding donors for the drug molecules, thus contributing to the rapid release of
AGT. A schematic representation of the different AGT interactions as a neutral or ionized molecule with
the pore wall of MCM-41 is presented in Scheme 2.

Based on LHP data, one can explain why the total drug cumulative release is highest for the
AGT@MCM-TG;IM HCI hybrid material, as the lowest drug-support hydrogen bonding propensities

were computed.

H : CHj

O .HN o
NH CHs . o
HoN . 2 -
CHs L e hC HaN> L HaN
) . T NH
H,N o : ~=0" : /
: o : N .
N N i 7 : -
AN J cr d :H : CI
Si

cr

OH Ho OH: OH HQ 4 / OH HO ‘ s.—O/?i N
‘ - ~ i '_ —Si_
\3./ o—sfH\o//Si\ 0, O/Si\o/s\ SIVIAN S o_&i O//SI oJd -0 SN
Neutral AGT - MCM-41 model Protonated AGT - MCM-41 model

Scheme 2. Drug loading on MCM-41 support as neutral and charged aminoglutethimide molecules
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Conclusions

For the first time, the incorporation of aminoglutethimide (AGT) into pristine and functionalized
mesoporous MCM-41-type silica was investigated. Pristine MCM-41, 3-aminopropyl functionalized
MCM-41 and a novel N-propyl-2-sulfanylacetamide-grafted MCM-41 (MCM-TG) were employed for
this purpose. The best drug uptake values were obtained when the drug loading was performed in acidic
aqueous media, irrespective of the carrier.

Aminoglutethimide in vitro release experiments at pH 7.4 show a remarkable increase in drug
dissolution rate from the mesoporous silica materials with respect to the bulk crystalline drug. In
particular, the novel MCM-TG material represents the best carrier for AGT dissolution rate enhancement,
adsorbing 22% wt. drug, which can be reversibly recovered in simulated body fluid, pH 7.4.

A logit hydrogen bonding propensity model was successfully trained and used to quantify the
strength of various drug-support supramolecular interactions. These results point out the different AGT
adsorption mechanisms in acidic or neutral media and highlight the importance of the chloride anions in
AGT adsorption. We propose that positively charged AGT molecules form electrostatic and
supramolecular interactions with chloride anions bound to the silica surface through strong silanol-
chloride hydrogen bonding (Si-OH "CI'AGT"). The lower propensity of hydrogen bonding between drug
and the organic groups present on the support pore walls can also explain the high drug cumulative
release values from the MCM-TG-based hybrid.

The present study emphasizes the importance of the easily overlooked aspect of drug ionization
state and counterions in obtaining hybrid materials. Moreover, one could envision a new possibility to
tailor the drug sorption properties of mesoporous silica carriers through careful selection of counterions,
affording a modulation of the hydrogen bonding and electrostatic interactions.

The logit hydrogen bonding propensity model proved to be a reliable tool in assessing the
supramolecular interactions between the carrier and biologically-active molecules and it could be

successfully employed in designing drug delivery systems.
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