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Resumo

A amorfizacdo de farmacos tem sido adotada como estratégia promissora para aumentar a sua
solubilidade, uma vez que o estado amorfo é caracterizado por uma maior desordem que facilita
a solubilizacdo do material. No presente trabalho, foi preparado e caracterizado um compdsito
com o objetivo de melhorar a solubilidade aquosa de uma droga, ap6s amorfizacao, e suscetivel
de ser utilizado como sistema de libertacdo controlada.

O farmaco alvo, sinvastatina (SIM), pertence a familia das estatinas, utilizada para reduzir os
niveis de colesterol no sangue, e com alta eficiéncia na regeneracdo 6ssea. Para a amorfizacao, o
farmaco foi incorporado em duas matrizes de silica mesoporosas (SBA-15), uma ndo modificada
e outra com superficie metilada. A analise por espectroscopia de ressonancia magnética nuclear
e de infravermelho, bem como termogravimetria, evidenciam inclusdo eficiente nas matrizes e
auséncia de interacGes fortes SIM-silica.

As transformacdes de fase da SIM nativa foram estudadas por calorimetria diferencial de
varrimento, permitindo identificar a temperatura de fusdo ~ 140 °C. A cristalizacdo é evitada no
arrefecimento e a SIM solidifica no estado vitreo. A transicdo vitrea, detetada claramente no
aquecimento subsequente, é observada a uma temperatura (Tg.mia) de 33 °C. Nos compdsitos, a
transicdo vitrea também € detetada sem registo de fusdo, indicando amorfizacdo da droga que
exibe Tg.mia @ temperatura superior relativamente a SIM nativa. A mobilidade molecular sondada
por espectroscopia de relaxacéo dielétrica, indica que os movimentos moleculares se encontram
mais impedidos na presencga da matriz de silica, de acordo com o aumento calorimétrico de T.
Os ensaios de citotoxicidade foram realizados utilizando células Caco-2 confluentes e ndo
diferenciadas. Os resultados demonstram que nos compoésitos a citotoxicidade da SIM, a
concentragdes superiores, diminui. Os ensaios de libertacdo, a pH 6,8 para simular condigdes
semelhantes ao fluido intestinal e monitorizados por espectroscopia UV-Vis, demonstram que a
sinvastatina é facilmente libertada de ambas as silicas. Resultados preliminares sugerem uma
libertacdo mais rapida da silica ndo modificada. Ambos o0s ensaios permitem concluir que 0s
compdsitos estudados sdo promissores para serem utilizados como sistemas de libertacdo de
farmacos.

O trabalho foi aceite para comunicagdo em painel no Chempor 2018.

Palavras-chave: Sinvastatina, SBA-15, Impregna¢do, DSC, transicdo vitrea, estado amorfo,

citotoxicidade
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Abstract

Modification of the physical state of low soluble drugs, as amorphization, is a promissory strategy
to increase their solubility, since this intrinsically disordered state promotes solubilisation. In the
present work, a composite has been prepared and characterized aiming to improve the aqueous
solubility of a drug by amorphization, and able to be used for controlled drug delivery.
Simvastatin (SIM) is the target drug, belonging to statins family, used to reduce the levels of
cholesterol in blood and with high efficiency in bone regeneration. To achieve SIM’s
amorphization, it was incorporated in unmodified and surface treated by methylation SBA-15
mesoporous matrices. Nuclear magnetic resonance and infrared spectroscopy together with
thermogravimetric analysis evidenced efficient inclusion in matrices and the absence of strong
guest-host interactions. Native SIM’s phase transformations were studied by differential scanning
calorimetry, allowing the identification of melting close to 140 °C. After cooling from the melt,
crystallization is avoided and SIM solidifies in a glassy state. The glass transition, detected in
subsequent heating, is clearly seen with a midpoint temperature (Tg.miq) of 33 °C. In the
composites the glass transition is also detected showing that the drug is in the amorphous state,
however emerging at higher temperature compared with the native drug. Dielectric Relaxation
Spectroscopy results of incorporated SIM indicate that molecular motions are hindered by the
presence of the silica matrix, in agreement with the calorimetric T’s increase.

Cytotoxicity assays were performed using confluent and non-differentiated Caco-2 cells. The
results demonstrate that at higher concentrations simvastatin is less cytotoxic when incorporated
in the silica pores.

Release assays were done to simulate drug delivery in the organism using conditions similar to
intestinal fluid such as pH 6.8. Monitoring by UV-Vis spectroscopy revealed that simvastatin is
easily released from both silicas. Preliminary results suggest a faster release from the unmodified
silica. Both assays allow concluding that the studied composites are promissory to be used as drug
delivery systems.

The work here reported was accepted to be presented as a poster communication in Chempor
2018.

Keywords: Simvastatin, SBA-15, DSC, glass transition, amorphous form, cytotoxicity, delivery

system
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Introduction

1.1  Motivation

Many marketed drugs and novel drug candidates remain poorly water soluble'? and this
has been a cause of concern to the pharmaceutical industry. Lower solubility of compounds results
in reduced bioavailability and an increase in drug concentration is necessary to ensure the desired
therapeutic effect, resulting in economic issues to pharmaceutical industry, rising drug’s costs and
also it could be non-beneficial to either the patient or the environment®,

Amorphization of the active pharmaceutical ingredient (API) is one promissory approach,
since the amorphous state is highly disordered, has higher internal energy and presents an increase
in mobility that can potentiate solubility comparatively to the crystalline state®.

However, as the amorphous solid is out of thermodynamic equilibrium and hence it is
unstable, it tends to convert to a thermodynamically stable crystalline state.

A way to promote and stabilize the amorphous formis to load the drug in mesoporous silica
matrices®. Since they have large surface areas and their pore dimensions can be tuned over a
variety of sizes, silica matrices can retain drugs in the amorphous state, increasing the guest
stabilization time in such a way that it becomes useful for the application. Also, they are able to

release drugs over different periods of time, giving rise to controlled drug delivery systems.

1.2 Drug
1.2.1 Simvastatin

The lipid-lowering drugs, as statins, are 3-hydroxy-3-methylgulutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, being used for prevention and treatment of elevated
concentrations of total and low-density lipoprotein cholesterol (LDL), apolipoprotein B and
triglycerides in blood serum, associated to hypercholesterolaemia, hypertriglyceridaemia and
cardiovascular diseases.

Cholesterol’s biosynthesis is mainly regulated by HMG-CoA reductase, catalysing the
conversion of HMG-CoA in mevalonate, a rate limiting step in synthesis®. Inhibition of HMG-
CoA reductase by statins decreases intracellular cholesterol biosynthesis in the liver and
extrahepatic tissues’.

In addition to inhibiting cholesterol synthesis, simvastatin could prevent the synthesis of
isoprenoid intermediates, like farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate

(GGPP), which are critical for the proper function of some proteins and intracellular traffic®.



Therefore some effects of statins could be related to the capacity of blocking the synthesis of

isoprenoid intermediates®. Figure 1 illustrates cholesterol synthesis, including the action of statins.

Acetyl-CoA +
Acetoacetyl-CoA
rmccs:‘
HMG-CoA
HMGCR { }— Statins
Mevalonate
MVK *
PMVK
Mevalonate-5
diphosphate
MVD *
Isopentyl-PP
IDLADI2
FPPS
cerps Farnesyl-PP (FPP)
Geranylgeranyl-PP Fammesol S0S * F—sQ1 Ubiquinone

(GGPP) Dolichol
Squalene Heme A

aryigeraniol Famesoic Acid SQE
* LSS

Geranylgeranoic  Dicarboxylic Lanosterol
Acid Acids cypst

Cholesterol

Figure 1 — Cholesterol synthesis pathway evidencing the step where simvastatin acts.*°

At the same time, the use of statins for bone regeneration is a promising area of research,
since statins can affect the process of bone turnover and regeneration, acting on important cell
types, such as mesenchymal stem cells, osteoblasts, endothelial cells, and osteoclasts.
Osteoporosis is characterized by a decrease in bone mineral density (BMD), weakening the bones.
Simvastatin is an activator of bone morphogenetic protein (BMP2) which accounts for major
osteo inductive potential of bone!?, making it a potential drug towards osteoporosis and other
bone disorders management. The successful use of simvastatin to promote bone formation is

depending on local concentration, being fundamental to find an appropriate delivery system?314,

Simvastatin acts as a prodrug having a complex metabolism (Figure 2). This drug is an
inactive lactone which is converted into the active form, B, 8-dihydroxy acid, by esterases,
paraoxonases and non-enzymatic hydrolysis. Simvastatin acid is converted back to simvastatin

via the acyl glucuronide intermediate and via CoASH-dependent pathway®. Both simvastatin



acid and simvastatin, undergoes oxidative metabolism by isoforms of cytochrome P450. Only
active form is able to inhibit HMG-CoA.
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Figure 2 — Human metabolism of simvastatin; Simvastatin and the lactone metabolites are inactive; they all exist in
vivo in equilibrium with the corresponding pharmacologically active acids®.

1.3 Phase transitions

Phase transitions could be classified according to the Ehrenfest classification®® as first,
second or higher order transitions as function of their thermodynamic properties as entropy,
enthalpy or volume. The classification depends on how the temperature derivative of the

thermodynamic property behaves at the transition point.

First order transitions are characterized by abrupt changes at a fixed temperature, exhibiting
a discontinuity in thermodynamic properties as entropy and enthalpy in such a way that its first
derivative tends to infinity (Figure 3a). This means that, at the transition temperature, the heat
capacity is infinite. Since the heat capacity is the slope of enthalpy in relation to the temperature,
this means that at the transition the changes in temperature are minimal compared to the enthalpy.
Thermodynamically, this means that system requires an exchange of latent heat, i.e. the thermal

energy absorbed or released by the material, to maintain the temperature constant during the



transition while thermodynamic state change occurs. Melting and crystallization are two
phenomena that are first order transitions?e.

Second order transitions, as the name suggests, have the discontinuity in the second
derivate while the first one is continuous; these transitions have no associated latent heat® (Figure
3b). An example of second order transition is vitrification.

Chemical Heat
Volume, V  Enthalpy, H potential,u  Entropy, S capacity, C,
/ N~ N/ N N\ \‘
(@) -~ L R o
X
\\
/// | \ /// —1
\ J \ \
o N\ N/ \( r 3\
(b) /
// / \ //
4 / \ / i
/ / / \\ // // 35
/ b |l 7 P
L 3 = N I\ = J\. J = 7
Temperature, T —>

Figure 3 — Changes in thermodynamic properties associated a) first order and b) second order phase transitions?’.

1.4 Crystallization, melting and glass transition

Melting was given as an example in the previous section of a first order transition,
occurring in a single step that only depends on thermodynamic factors. During melting, the crystal
transforms to a liquid by an endothermic process*e.

On the other hand, crystallization is an exothermic process, depending on thermodynamic
and Kinetic factors. It occurs in two different steps, nucleation and crystal growth819,

In the context of the pharmaceutical science, it is relevant the knowledge and
understanding of both crystallization and melting processes, since it enables to direct
thermodynamics properties of drugs. Since diverse crystalline structures (polymorphism) exhibit
distinct therapeutic activities?, the crystallization, the main process for compounds formation in
pharmaceutical industry, can be controlled in order to assure that the desired form is the one
adopted by the drug during crystallization. Therefore, the major challenge is to control such

processes to maintain the stability, efficiency and drug release properties of drug.

If a liquid is cooled below its freezing point (Twm), it crystallizes as molecular motions

become slower with the decrease of temperature. Though, crystallization can be avoided if the



cooling rate is fast enough, implying that molecules not have time to rearrange and form a
crystalline environment. On that point, the material is below a supercooled liquid state. With
further cooling, the continuous increase of viscosity leads to solidification of material in a vitreous
state (Figure 4). This change occurs at the glass transition??.

The glass transition is a second order transition in which not only thermodynamic but also
kinetics factors are involved. As consequence, the cooling/heating rate and the time spend at
temperatures below the glass transition can influence the properties of material®.

Volume,
Enthalpy

Crystal

I
I
z [
Tk Tg Tm
Temperature

Figure 4 — Phases diagram showing the dependence of volume and enthalpy in function of temperature'®.

1.5 Amorphization

Nowadays, there are an emergence of methods and techniques which the aim is to improve
bioavailability of drugs. The avoidance of crystallization, i.e. amorphization, is now one of the
most promisor strategies to address low drug solubility?.

It is known that the amorphous state is not stable or structurally ordered when compared to
the crystalline state. Its higher energy and the fact that is a not at equilibrium state, leads to a
tendency to crystallization, being one of the major challenges for its use in the pharmaceutical
industry its stabilization in order to take advantage of this state. Its internal bonds are also weaker
compared to the crystalline form, providing a better dissolution process of the drug in the
organism, which may enhance bioavailability®°.

Thus with aim to benefit from amorphous drug and reduce its conversion into crystalline
state, one of the strategies found to stabilize the compound is its incorporation into mesoporous

matrices?.



1.6 Mesoporous silica matrices

The amorphous solid dispersion (ASD) is the most successful method to improve drug
dissolution and stabilize the amorphous state®.

Mesoporous silica exhibits a wide range of porous sizes, from 2 to 50 nm. These materials
have properties such as a high specific surface area, ordered pore network and high pore volume
that are extremely advantageous for drug loading. Its biocompatibility with the organism and high
stability also promotes the use in delivery systems?,

In this work SBA-15 (Santa Barbara Amorphous No.15) was used as host. It is
characterized by hexagonal arrays that are organized in tubular channels. Silica SBA-15 was
synthetized by the work group and its pore size is around 6 nm??23,

Another advantage of these silica is the presence of silanol groups (Si-OH) at surface that
allows interaction between the matrix and the guest molecules by van der Waals forces or
hydrogen bonds. Silanol could be functionalized in order to improve drug loading and release. In

the present work, it was functionalized and substituted by methyl groups.

Reaction Hydrothermal Calcination
treatment

What happens?

Figure 5 — Processes of silica’s synthesis*’.



1.7 Experimental techniques
1.7.1  Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis and this term includes
techniques in which physical parameter of the system is determined as function of temperature.
In this case, DSC enables to characterize physical phase transformations of systems, based on
heat flow measurement?,

A differential calorimeter measures the heat of sample relative to a reference, with a linear
temperature ramp and both the reference and the sample are at the same temperature during all
the experience. The difference between the amount of heat necessary to change the temperature
of sample and of reference is originated by a thermal transformation occurring in the sample that
could suffer an exothermic process, as crystallization or an endothermic process, as melting.

Figure 6 is a schematic representation of the DSC equipment.

JL

—— Lid

Purge-gas inlet

Reference pan — —— Sample pan

. A ) ‘S e
Thermoelectric Chromel disk
disk (constantan) —— Chromel wire
Thermocouple /
junction

Hmllng block Alumd wire

Figure 6 — Heat flux DSC?*.

As it is possible to observe, the equipment has two pans: the reference that is empty and
the sample, placed on thermoelectric disk. Both pans are heated at a constant rate to avoid
differences in temperature, since the material inside each one is different. The equivalent
distribution of heat is assured by the flow of purge gas that is liquid nitrogen (N>).

It is this amount of heat required for transitions that is measured by DSC, permitting
detect phase transformations as crystallization, melting and glass transition. Results are
represented in a thermogram where each peak corresponds to a process?, like is show in Figure
7.
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Figure 7 — DSC profile where the exothermic heat flow is measured vs. temperature; illustration of the transitions
that a material can undergo in DSC analysis?®.

1.7.2 Dielectric relaxation spectroscopy (DRS)

Dielectric relaxation spectroscopy is a technique that operates in a range of frequencies
from 108 to 10° Hz? that is commonly applied in the study of molecular motion and is also
indicated to analyse the vitreous dynamics and charge transport of a compound. Movements
responsible for molecular dynamics can be ascribed for instance by small parts of a molecule,
such as functional groups.

Once an oscillating electric field is applied to a certain dielectric material, the molecular
charges will shift from their equilibrium positions originating a phenomenon called polarization,
which consists in a forced orientation of the charges according to an applied electric field. All

dielectric measurements require the presence of molecular dipoles.

There are three polarization mechanisms?’ (Figure 8):

« Electronic or induced polarization, which responds to field changes at all frequencies used
almost instantaneously. In this type of polarization are involved resonance effects.

« Dipole or orientational, that describes the movements of the dipoles which, depending on the
frequency at the dielectric is subjected, will be able to follow all the displacements associated
with field polarizations. The response to the electric field is not immediate due to the resistance
imposed to the dipole moment and to an irreversible loss of the free energy in the form of heat.

« Interfacial polarization that occurs when charges are blocked at the interface between different
dielectric constants, and the interface can be located within the dielectric. If it occurs in the contact

region between the material and the electrode itself, this is called electrode polarization.
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Figure 8- Frequency response of dielectric mechanisms?’.

It should be noted that, in addition to these mechanisms of polarization, there are also
translational movements of charges that originate the conductivity that will be induced also by

the applied electric field.

The relationship between the electric field (stimulus) and polarization (response) is given
by the complex dielectric constant £*. This gives rise to different processes, fluctuations of
molecular dipoles, propagation of moving charges or separation of interface charges that cause

additional polarization and is expressed as follows?’:

e (w) = &'(w) — ie"(w) Equation 1

The angular frequency (w) is given by w = 2xf. The real part (¢') of the dielectric
constant, called permittivity, is related to the energy stored by the material and the imaginary part
(") refers to the energy dissipated. Complex numbers are one way of expressing the lag between
the stimulus and the response, since relaxation results in a delayed response to a variant stimulus.

Each relaxation has an associated time that depends on the mobility of the molecules
(dipoles) that constitute a material. The relaxation time (t) corresponds to the time during the
polarization created in the material by the external electric field decays a factor of 1/e, where e is
the Neper number, after the field is removed. Thus, the relaxation time quantifies the process
during which the distribution of the previously oriented dipoles returns to equilibrium, being
randomly arranged?.

While the frequency of the alternating electric field applied is sufficiently slow, dipoles
can follow the variations that they are subjected to. As the applied frequency increases, the energy,
quantified by &', begins to decrease due to the delay between the alignment of the dipole and the
electric field. On the other hand, the dissipated energy of the system follows an opposite profile,
increasing the imaginary part of the permittivity, ". If the frequency of the field is above the

maximum of the relaxation frequency, both components cease to exist, since the electric field is



too fast to influence the dipoles oscillation and the orientational polarization disappears
completely?.

In order to obtain the relaxation time (t) of each process, it is used the isochronal
representation of " , i.e. for a fixed frequency, €" is represented as function of temperature and
the maximum of each peak position is calculate by fitting the data with a Gaussian function. With
T (Tmax = 1/2Tfnax ) it IS possible to construct the relaxation map that consists in a
representation of log (t) as function of the inverse of temperature (1/7T).

The temperature dependence of the relaxation time for each peak observed in " vs. T
represents the dynamic fingerprint of the compound. The molecular mobility originated by

localized dipolar reorientations usually exhibits an Arrhenius temperature dependence, 7(T) =
Tooexp(g—;). Otherwise, long length scale cooperative movements diverge from Arrhenius

function, the relaxation time obeying the VVogel-Fulcher-Tamman-Hesse law (VFTH):

B
7(T) = To,eTTo Equation 2

being 7, the value of the relation time in the high temperature limit, B is an empirical parameter

of material and T, is the VVogel temperature.
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Experimental Section

2.1 Materials

2.1.1 Drug

Simvastatin  ([(1S,3R,7S,8S,8aR)-8-[2-[(2R,4R)-4-hydroxy-6-oxooxan-2-yl]ethyl]-3,7-
dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl] 2,2-dimethylbutanoate, the methylated form of
lovastatin, is a white crystalline powder’.

Simvastatin is classified as a Class-1l compound by Biopharmaceutics Classification
System (BCS), with a poor water solubility and permeability through biomembranes®!. Otherwise,
it is highly soluble in chloroform, methanol and ethanol®. The table below shows main

characteristics of simvastatin.

Table 1 — Characteristics of Simvastatin

Name Simvastatin
Molecular Formula Ca2s5H330s

No. CAS 79902-63-9
Melting Point 135-138 °C
Molecular Weight 418.574 gmol*

Stability depends on storage conditions, which for Simvastatin should be at a temperature
between 5-30°C in a well closed container. Therefore, the substance is stable for 24 months after
the manufacture date®. Figure 9 shows simvastatin structure, evidencing the presence of carboxyl
functional group (COOH) that together with the molecule high size, could explain its low

solubility.

H C\\\\\\
3

Figure 9 — Chemical structure of Simvastatin.
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Simvastatin was a kind gift from Mepha Lda. “Investigagdo, Desenvolvimento e
Fabrica¢do Farmacéutica” (Porto Salvo, Portugal). The purity was higher than 99% in accordance
with the supplier.

2.1.2 Mesoporous silica SBA-15
Synthesis

Mesoporous SBA-15 was synthesized during the work according to the method described
by Gao et al.*. The first step was to prepare a solution of the template by dissolving 0.2 g of P123
triblock copolymer (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol)) (Sigma-Aldrich) in 60 mL of 2 M aqueous hydrochloric acid (Riedel de Haén) and 15
mL of deionized water. The solution was stirred and 4,4 g of tetraethyl orthosilicate was added
dropwise. The solution was stirred for 24 hours at 40 °C, after the temperature was raised to 100
°C and the mixture was transferred to Teflon-lined autoclave for 24 hours. The precipitate
obtained was filtered under vacuum, washed with distilled water, air-dried and calcined at 500 °C

for 5 hours with a heating ramp of 10 °Cmin, to remove the template.

Functionalization — Methylation of Si-OH groups

The silicas was functionalized following the procedure reported in the literature®. The
functionalization involves the substitution of silanol groups by methyl groups, using
methyltrimethoxysilane [CH3Si(OCH?3)] as the silylation agent used. Powder SBA-15 (~0.5 g),
previously dried at 100 °C overnight, was mixed with 150 mL dried toluene (dried with molecular
sieves) and 2.5 mL of methyltrimethoxysilane in a nitrogen atmosphere. The solution was stirred
at 80 °C for 5 hours. The resulting precipitate was filtered under vacuum and washed with 50 mL
of toluene and 50 mL of ethanol. The solid product was dried at 500 °C overnight and denoted as
SBA-15_Functionalized (SBA-15_F).

Characterization

The synthesized silicas, SBA-15 and SBA-15_F, where characterized by gas nitrogen
absorption in Laboratério de Analises/Requimte, Universidade Nova de Lisboa. The information
about surface area, total pore volume and pore diameter is depicted in Table 2 (for Nitrogen

adsorption-desorption isotherms see annex 1).
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Table 2 — Textural information about mesoporous silicas.
Total Pore Pore Diameter Pore Diameter

Surface Area . . Sample
Volume BJH Desorption BJH Adsorption
(mPg) Mass (mg)
(cm®g™) (nm) (nm)
SBA-15 852.6 0.9914 6.8 7.3 0.0279
SBA-15 F 695.8 0.8123 6.7 7.2 0.0173

Scanning Electron Microscopy — SEM

A scanning electron microscope (SEM) scans a fixed electron beam that interacts with
the sample. The signals produced can be used to obtain information about the surface topography,
texture, orientation and composition of the material analysed. The SEM images for SBA-15
(Figure 10) where obtained using Hitachi S2400 with Bruker light elements EDS detector
(MicroLab, Instituto Superior Técnico).

Figure 10 - SBA-15 characterized by SEM.
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Transmission Electron Microscopy — TEM

This technique was also performed in Microlab, Instituto Superior Técnico (Hitachi 8100
with ThermoNoran light elements EDS detector and digital image acquisition) and it was used to
observe the structure, shape, form and size of the pore. In TEM a beam of electrons is conducted

through a specimen and the image is formed from interaction between electrons and atoms from

sample. In this case it was possible to confirm the hexagonal structure of ordered pores (Figure
11).

Figure 11 - SBA-15 characterized by TEM.
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2.2 Methods
2.2.1 Drug Loading

The objective of this procedure was to load simvastatin inside of porous of silica
mesoporous SBA-15 and SBA-15_F. A first step of cleaning was required, to remove water and
impurities from silicas. Therefore, ~150 mg of each silica was placed in a self-supported cells
(Figure 12) and subjected to a temperature of 150 °C and a pressure of 10 bar for 7 hours, by
connecting to a vacuum line and placed inside an electrical oven. After 7 h the oven was turned
off and the silicas were left cooling under vacuum to room temperature overnight. On the next

day, cells were heated for 2 h and then cooled at room temperature once again, under vacuum.

Figure 12 - Experimental setting up for thermal activation of the silicas.

The total pore volume of SBA-15 and SBA-15_F influences the amount of simvastatin
loaded into silica. For the mass of silica used, it was estimated the pore volume available using
the parameters obtained from BET analysis, i.e. for 150.1 mg of silica it corresponds to
0.1501(g) * 0.9914(cm3g~1) = 0.148809cm3 of available volume (0.9914 cm®g is the value
taken from Table 3). On the other hand, the mass of simvastatin, 170.3 mg, corresponds to a
volume of 0.154818 cm?, since for the crystalline structure of simvastatin, the density was 1.1

g/cm?® 35 of form I, the most stable at room temperature.

0.1703(g)

————2- = (.154818cm3 it can be concluded that the mass of
1.1(gem=3)

From the calculi

simvastatin used can be totally incorporated in the available volume in the silica (0.149 cm?® of

silica and 0.153 cm? of simvastatin). Considering the total mass of the initial mixture (150.1 g of
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silica + 170.3 g of simvastatin = 320.4 g), simvastatin’s mass corresponds to ~53.2 % of the

sample. In volume, this mass would correspond to ~84.3 % of the available volume.

Table 3 — Drug loading conditions.

Mass of Mass of SIM Available pore VVolume of crystalline
silica (mg) (mg) volume (cm?) SIM (cmd)
SBA-15 150.1 170.3 0.149 0.155
SBA-15 F 154.1 168.6 0.125 0.153

To facilitate the drug loading process, Simvastatin was dissolved in 3 mL of chloroform.
The solution was added to the cell that contains silica, under vacuum. To inject into the silica, the
valve was opened, breaking the vacuum and allowing the mixture to get in the silica’s porous by
capillary wetting. The resulting mixture was left for 24 to 48 h at room temperature and under

stirring until the solvent evaporates and it becomes a powder.

2.2.2  Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy was used to identify and quantify simvastatin
in composites.

Solution proton NMR data were collected on a Bruker Avance Ill 400 spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany) operating at 400 MHz. Samples were prepared
by dispersing 5 mg of composites and simvastatin in 400 pL of D,O/NaOH (pH 13) and 100 pL
of trioxane in D,O. This procedure was applied following literature®. The NMR tubes with SBA-
15, SBS-15_F and SIM were sonicated for 1 hour and the NMR experiments were performed
immediately. A known amount (100 uL) of 1, 3, 5-trioxane was added as internal standard.
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Figure 13 — a) The *H NMR spectrum of the simvastatin in DMSO at 303 K. The signals of solvent-DMSO (2.5 ppm)
and residual D20 (3.7 ppm) are marked by asterisks®”; b) *H NMR spectrum of SIM and SBA-15_SIM measured in
this work.

The study was preceded by the spectral analysis of the native drug in dimethyl sulfoxide
(DMS0)%®, which is an efficient solvent for water-insoluble compounds. In Figure 13 a), it is
represented the spectrum retired from literature for simvastatin; figure b) shows the acquired *H
NMR spectrum with deuterated water (the peak of D,O was removed for clarity). The comparison
allowed assigning the different protons in simvastatin structure (numbered in the scheme inserted
in Figure 13 a) to the *H NMR signals detected in a chemical shift spanning the range from 6 to
0.5 ppm.

Additionally, in Figure 13 b) the spectrum of SBA-15_SIM was included. The emergence
of NMR signals found for native simvastatin allows confirming the incorporation of the drug in
the silica matrix. The peaks come with a lower resolution due to the overlapping with the adjacent
signals originated by the silica framework protons. The low resolution does not allow quantifying
the amount of loaded simvastatin by comparison with the trioxane peak, located at 5.22 ppm.

Besides the peaks corresponding to simvastatin, also additional peaks due to protons
belonging to the silica network were detected. Figure 14 presents the *H NMR spectra of both
silicas collected in identical conditions. As expected, a good superposition of most peaks is

observed, however for SBA-15_F it is possible to identify three new peaks (see arrows in Figure
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14). In fact, it is reported that protons present in the organic groups bound to the surface because
of matrix functionalization, are found in a chemical shift region between 0 and 4 ppm. Indeed,
they are detected in the functionalized silica missing in the unmodified one and therefore acting
as an indication of successful surface chemical modification/methylation.
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Figure 14 — Comparison of the *H-NMR (pH=13) spectra for SBA-15 and SBA-15_F; the arrows indicate the peaks
only detected in functionalized matrix.

2.2.3 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Fourier transform infrared (FTIR) spectra over the range 400-4000 cm™* were collected
at room temperature using a PerkinElmer Spectrum Two IR Spectrometer equipped with a
diamond attenuated total reflectance (ATR). All the spectra were recorded via ATR method with

a resolution of 1 cm™ and 16 scans.

2.2.4 Differential Scanning Calorimetry (DSC)

These measurements were performed in DSC Q2000 with refrigerator cooling system (RCS
90) from TA Instruments, using a temperature range of -90 to 135 °C in order to monitor the
different phase transformations that occur in simvastatin. Typically, 2 to 3 mg the samples were

placed in aluminium hermetic pan lids, with pierced caps to facilitate water exit. Measurements
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were conducted under dry helium (at flow rate of 50 mLmin?) to improve the thermal
conductivity. The temperature is measured with a precision of + 0.01 °C. Experiments were
carried out using the software Universal Analysis 2000 from Thermal Analysis.

The sample is subject to different thermal treatments that include alterations in some
experimental conditions like temperature and heating-cooling rate.

A sample in the crystalline form after heating will melt above a certain fusion temperature
(T¢) and it is possible to observe a solid-liquid transition. Whereas, if the sample is cooled down,
it can occur in a way that avoids crystallization, entering a supercooled liquid state. If the cooling
proceeds, the viscosity is continuously increasing until it becomes comparable to a solid, i.e. the
sample is in the glassy state. Even with high viscosity, like solids, the intrinsically disorder is

similar to a liquid state.

2.2.5 Dielectric Relaxation Spectroscopy (DRS)

Dielectric relaxation spectroscopy was used to analyse the sample SBA-15_SIM, in a
range frequency from 102to 10® Hz. Results from sample simvastatin where previously obtained.
A small amount of the composite was placed between two gold-plated electrodes with 10 mm of
diameter of a parallel plate capacitor, BDS 1200, with two 50 um-thick silica spacers. The sample
cell was mounted on a BDS 1100 cryostat and exposed to a heated gas stream evaporated from a
liquid nitrogen dewar.

The temperature control was confirmed by Quatro Cryosystem and performed within
+0.5 °C. Novocontrol Technologies GmbH supplied all these modules. The dielectric
measurements were carried out using the ALPHA-N impedance analyzer from Novocontrol

Technologies GmbH.

2.2.6  Thermogravimetric Analysis

Thermogravimetric measurements were obtained with a TGA Q500 apparatus from TA
Instruments Inc., from 22.5 °C to 550 °C at a heating rate of 5° Cmin under nitrogen atmosphere
with a sample purge flow rate of 60 mLmin™. The temperature reading was calibrated using the

Curie points of nickel standard, while the mass reading was calibrated using balance tare weights.
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2.2.7 Drug Release Experiments

The solution media for drug release was composed by phosphate buffer at 6.8 pH and
ethanol in the w/w ratio of 90:10. Ethanol was chosen due to the high value of solubility that SIM
in this medium?. Baseline was done with two quartz cuvettes with 3 mL of the PBS:ethanol
solution (see Annex 3).

UV-Vis absorbance measurements were done with a Jasco V-660 UV-Vis
spectrophotometer equipped with a programmable temperature control system (4 to 100 °C) fully
integrated with the software. Drug release was monitored following the procedure described in
literature®. In a dialysis device containing the sample it was added 0.2 mL of buffer media. This
set was inserted on the top of a quartz cuvette previously filled with 2.8 mL of the same solution
media (see Figure 15). Sample temperature was controlled at 25 °C in the sample holder (the
sample temperature was around 29 °C) and agitation of the cuvette solution was kept under
continuous stirring at 400 r.p.m. Note that the use of dialyses membrane for monitoring drug
release has been also applied in different conformations what shows the interest existing in design

an easy and adaptable method for this aim“.
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Figure 15 —Schematic representation of the dialyses membrane and quartz cuvette used for monitoring drug release.

UV-Vis spectra were collected during the first four hours every two minutes, and then

every 8 or 10 minutes until complete 24 hours.

2.2.8 Cytotoxicity Assays

Cytotoxicity assay was performed using confluent and non-differentiated Caco-2 cells. This
cell model expresses functional and morphologic characteristics of mature enterocytes being
considered as an accepted intestinal model*. The assay was performed as previously described
in literature* with some modifications. Briefly, cells were seeded at a density of 2 x 10* cells per
well in 96-well plates, and the medium was changed every 2 days. The cells were allowed to grow
for 7 days, until confluence and differentiation were reached. Control wells were performed by

incubating the cells with the culture medium. After 24 and 48 hours of incubation, the medium
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was removed, and cell viability was measured by Cell Titter® aqueous one solution cell
proliferation assay, MTS (RPMI + 0.5% FBS) according with manufacturer protocol. Results
were calculated in terms of percentage of cellular viability relative to the control (%). Experiments
were performed in triplicate using at least three independent assays. Statistical analysis of the
results was performed using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA).
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Results and Discussion

3.1 ATR-FTIR

This technique is used to confirm the presence of the drug on the composites, by comparing
the specific bands of the native drug with those observed in the loaded silica. The ATR-FTIR
spectra collected between 400 and 4000 cm™ are presented in Figure 16, for the neat drug,

unloaded and loaded silicas.
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Figure 16 — ATR-FTIR spectra of simvastatin, SBA-15, SBA-15 functionalized, SBA-15-simvastatin and SBA-15
functionalized-simvastatin.

Simvastatin (red line) has a typical sharp band centred at 3548 cm™ that corresponds to
oxygen-hydrogen stretch vibration*®. This band is not observed in loaded silicas probably due to
a superposition with the OH band due to the presence of water; moreover, in the presence of
hydrogen bonds this band could become broader which difficult the identification. Hydrogen
bonding can also affect the bands located in the wavenumber region around 1670-1820 cm?,
making it of particular interest; a scaled up is presented in Figure 17. In this region, there is no
evidence of free C=0 which characteristic wavenumber should appear at 1760 cm™ as a sharp
line** for both native and loaded simvastatin. Concerning crystalline simvastatin, where the

molecules are linked by hydrogen bonds between the hydroxy! groups and the ester groups of the
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molecule it is expected the appearance of the CO band at a lower wavenumber®. In respect to the
loaded drug the band emerges with a lower resolution however in the same wavenumber region,
besides intermolecular hydrogen bonding between SIM-SIM molecules also SiOH-SIM

interactions can occur.
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Figure 17 — Scale up from region around 1670-1820 cm™*; evidencing free C=0 region.

Another broad and structured band is observed in pure and loaded SIM around 2960 cm*
corresponding to carbon-hydrogen stretch vibration. This band is also affected in a small
extension as compared with the one detected in the native drug, which can be taken as indication
that C-H groups do not participate significantly in guest-host interaction. According to the
chemical structure of simvastatin both hydrophilic and hydrophobic interactions are possible, the
first trough the carbonyl and hydroxyl groups and the latter trough the decalin ring. However, the
type of interaction with the silica matrix seems to be relatively weak compared with SIM-SIM
interactions, since no strong deviations in the wavenumbers of the absorption bands are detected.

The functional groups containing silicon atoms absorb mainly around 1000 cm™, due to
the asymmetric stretching vibration (Si—O—Si); the corresponding symmetric stretch is registered
at ~800 cm™ and the bending Si—O-Si vibration at ~500 cm™* detected in SBA-15 and SBA-
15 F.
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3.2 Differential Scanning Calorimetry (DSC)

As mentioned before, DSC was used to study phase transformations of simvastatin and
simvastatin in SBA-15 and SBA-15_F.
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Figure 18 — Thermograms of simvastatin obtained on heating from -90 to 160 °C at 10 °Cmin’: blue line is the first
of original sample; orange line is the second heating after cooling from the melting. Inset: enlarged region of second
heating in the glass transition region, showing the auxiliary lines (dotted) used to determine the onset, midpoint and
endset of this transition.

In order to study simvastatin, cooling and heating cycles were programmed between -90
°C and 40 °C and subsequently the following heating cycles were up to 160 °C, to verify the
sample melting.

In the first temperature range studied, i.e. between 40 and -90 °C, during cooling two
exothermal peaks are observed; in the subsequent heating, at similar temperatures two
endothermic peaks are detected (see vertical arrows in Figure 18). These reversible peaks have
been identified in literature* with the transformations between three different crystalline
structures (polymorphism).

On heating up to 160 °C, it is observed an endothermic peak at 140 C that corresponds
to the melting of simvastatin with an associated enthalpy (AH) of 73.45 Jg. This event shows
that the sample was initially in crystalline form | and it completely melted at this temperature.
After melting point, the sample was cooled down to -90 °C. The thermogram shows the presence
of a discontinuity at 33.35 °C. In the subsequent heating, a clear step is observed in the same

temperature range (see inset in Figure 18) which is the typical signature of the glass transition.
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The onset of this transition has been estimated at 31.8 °C (heating rate 10 °Cmin‘t), a value that is
in accordance with the glass transition temperature (To) indicated in literature. It seems
important to note that no signal of recrystallization of the sample is detected on cooling as well
as on heating, what is a clear indication of the total amorphization of the sample.
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Figure 19 — Thermogram of simvastatin impregnated in SBA-15 obtained according to the graphic.

Concerning to simvastatin in SBA-15, the sample was submitted to two cooling/heating
cycles from -90 to 160 °C. In the first heating, a broad peak with minimum around 75 °C is
observed (orange line in Figure 19) caused by the exit of water that could be present in the sample.
The percentage estimated of loss water was approximately 5.4% wi/w.

No peak corresponding to melting of simvastatin was observed (also no signal of
polymorphic transformations), being this issue an indicator that simvastatin in SBA-15 no longer
has the same behaviour as the pure drug.

In the second cycle, both cooling and heating thermograms do not exhibit any thermal
event (see for example blue line in Figure 19). Since no signal of crystallization was observed in
the two cycles, it is reasonable to expect that the sample was in the amorphous state and the
presence of the silica difficult the visibility of the glass transition. For this reason, it was
conducted an ageing experiment consisting in keeping isothermally the sample at a temperature
close (and low) than the “expected” Tg in order to promote a thermodynamic change that could

reflect in a more accentuated signal of Ty in the subsequent heating scan. In SBA-15_SIM, the
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ageing experiment was conducted at 45 °C for 2 hours (see inset of Figure 20). The sample was
immediately cooled down to -90 °C and next heated at 20 °Cmin up to 160 °C. The thermogram
obtained was included in Figure 19 (green line).
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Figure 20 — Comparison of the thermogram obtained for SBA-15_SIM with ageing (green line) and SBA-15_SIM
(blue line). Representation of Tg in SBA-15_SIM with ageing.

Concerning the SIM-SBA15_F, similar results were observed, i.e. simvastatin is in the

amorphous state and only with an ageing treatment the glass transition is clearly observed.

27



3.3 Thermogravimetric Analysis (TGA)

The loss of mass by degradation of simvastatin is done in two steps, the first one with
onset at 210 °C is the most significant, corresponding to the degradation of almost 90% of the
sample. A second degradation step begins at 330 °C and extends to 450 °C (see Figure 21 a)).
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Figure 21 — a) Graph corresponding to the degradation by TGA of the pure simvastatin and simvastatin loaded silica
samples, both performed at nitrogen atmosphere at 10°C/min; b) graph corresponding to mass derivative of SIM and
SBA-15_SIM.

For sample SBA-15_SIM, the exit of water is observed up to approximately 110 °C,
corresponding 5.33 % of the mass of the sample.

The degradation of supported simvastatin is done in three steps, beginning at 110 °C that
is approximately 100 °C below the onset of pure simvastatin. The second and third steps of the
degradation occur at temperatures similar to those observed in the pure simvastatin as can be seen
by the mass derivative % (Figure 21 b)). The fact that no significant shift to higher temperatures
occurs for the composite decomposition seems to reinforce the hypothesis that no strong guest-
host interactions occur.

In the end of the analysis a value of 53 % is registered which is relative to the initial
hydrated material. Taking in account the water content in the starting material, this means that
47.67 % of the sample did not degrade which corresponds to the silica’s percentage in the

composite. Therefore, simvastatin is present in the composite with a percentage of 47 (w/w).
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3.4 Dielectric Relaxation Spectroscopy (DRS)

Having in mind DSC and TGA results which indicate that the sample SBA-15_SIM is not
completely dried, the first dielectric measurements were done in order to remove water without
inducing any additional changes to the sample. With this purpose, the sample in the BDS cell was
heated up from -120 °C to 60 °C in two successive scans carried at a rate of 10 °Cmin* being kept
at this temperature during 30 minutes in each scan, in a total of 1 hour drying. In Figure 22, are
compared the permittivity values obtained at 10* Hz of two different scans taken after each
thermal treatment at 60 °C green squares (1% heating) and orange circles (2" heating) of SBA-
15 _SIM.
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Figure 22 — Isochronal representation of £" taken at 10* Hz on heating before and after drying thermal treatment.
After this procedure, two successive series of isothermal spectra covering the frequency range from 10! to 10° Hz
were collected on heating from -120 °C to 150 °C in steps of 5 °C.

The significant decrease in " observed between the first scan (before drying treatment)
and the subsequent ones is due to water removal. Since dielectric spectroscopy is sensitive to
permanent dipoles contained within the material, the loss of the strong dipoles of water molecules
causes this dramatic reduction of the dielectric response; moreover, it reveals that the second

heating step up to 60 °C did not promote any additional changes.
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Figure 23 — Isothermal measurements at the frequency of 10* Hz of SBA-15_SIM and SIM. Data obtained from
isothermal measurements at the frequency of 10* Hz of both isothermal series are shown in function of temperature,
in which is called an isochronal (same time/frequency) plot; the values obtained for native simvastatin are included

for comparison. In the following text a description of the results is carried out.

At the lowest temperatures a wide and low intense peak is observed, as found after the
thermal treatment up to 60 °C. By comparing with native simvastatin, it can be assigned to the
sub-glass dielectric response of the drug, however, losing some resolution. While in native SIM
two secondary processes, named y and B in increasing order of temperature, can be found, in the
composite only one broad process is observed. Moreover, its magnitude in the 2nd scan, taken
after heating up to 150 °C, is reduced which indicates that the thermal treatment up to 60 °C was
insufficient to remove the more strongly bounded water molecules either to the drug itself or to
the silica matrix. Remembering Figure 19, the endotherm of water evaporation of the unloaded
silica extends up to 120 °C, therefore an efficient water removal was only achieved after attaining

such high temperature.

Above 50 °C the dielectric spectra abruptly increase mimicking the behaviour of native
SIM that clearly exhibits a peak centred at around 66 °C (at 10* Hz), which is associated with the
dynamic glass transition. Since it is mainly a kinetic phenomenon, its location in the temperature
axis depends on the frequency, and a better comparison with the glass transition seen by DSC
should be carried at a much lower frequency; for instance, if the analysis is carried at 0.1 Hz, the
peak of native simvastatin emerges at 32 °C really closer to the onset of the glass transition of

native SIM 31.8 °C, remember Figure 18. However, data come affected by greater inaccuracy
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being the reason why the frequency of 10* Hz is used. In the composite, this peak is shifted ~30
°C to higher temperatures in coherence with the deviation observed in the main step of the glass
transition of the composite seen by DSC (remember Figure 20). This could be due to SIM-silica
interactions hindering motional rearrangements. Furthermore, after a more efficient water
removal, in the second scan up to 150 °C, a slightly shift of the main process to lower temperatures
occurs; a scale-up evidencing the shift of the main process between the two scans is included
Figure 24. Since statins in general are known by their amphiphilic nature having both hydrophilic
and hydrophobic regions*’, water can interact via hydrogen bonding with the more polar hydroxyl
and carbonyl moieties. After water elimination these interactions are suppressed rendering the
guest drug slightly more mobile, however to confirm this hypothesis more experiments should be

done.
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Figure 24 — Scale-up evidencing the shift of the main process between the two scans.

In the previous section the discussion was carried out based in the isochronal
representation. In this section the analysis of the dielectric results is based also in the spectra taken
at each temperature. The isothermal spectra obtained in the first set of measurements are included

in Figure 25 in both " and M” representations.
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Two different relaxation peaks in €" vs. f can be observed in SBA-15_SIM which shift

to higher frequencies upon temperature increasing; this is an expected result since heating enables

molecular mobility that is probed by the reorientational motion of dipoles. Additionally, at the

highest temperatures the contribution of conductivity, i.e., translational motion of charge carriers,

is clearly distinguished in the low frequency side of the spectra. While in the £"(f) plot, the

conductivity emerges as a low frequency tail, in the M” representation, this contribution arises as

another peak (see for example, isotherm at 150 °C).

In order to extract information about the dynamic behaviour of simvastatin in this

composite, peaks observed in the isochronal representation of M”, (see Figure 26), has been

individually analysed. To simplify, the secondary relaxations has been not considered for this

study, and only data concerning the supercooled liquid (above the glass transition temperature)

has been investigated.
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Figure 26 — M” vs T at f =10* Hz for a) native simvastatin and b) SBA-15_SIM; the Gaussians functions used for
the fitting procedure are included besides the overall global fit.

The simulation of the peaks in the isochronal plot was made with the help of a sum of

Gaussian functions. Only processes detected above T4 will be analysed. The fit of data represented

vs. temperature was done by superposition of Gaussians functions, as it is exemplified in Figure
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26 (analysis done with the software Origin® 8). Each Tmax corresponds to a specific frequency
that will be here designated as f;,,4,- Since the relaxation time is related with frequency according
t0 Tonax = 1/27fmax (Equation 3) a relaxation time can be estimated. This was carried out for
the two series in a temperature/frequency range where the peaks associated with the a-process are
observed (~between 53 °C and 143 °C). Having all the set of (Tmax, Tmaqx), @ relaxation map was
drawn by representing —10g10 ( T,,45) VS. the temperature reciprocal (1/ Tmax). This plot is used to
provide the dynamical fingerprint of a system being represented in Figure 27 for the two series;
the equivalent plot for native simvastatin is included for comparison (open circles). It obvious the
significant shift of the relaxation times towards higher temperatures, as already seen in the
isochronal representation at 10* Hz (remember Figure 22), denoting the hindrance of molecular
mobility of SIM in the silica matrix relative to native SIM. Furthermore, the second series is
deviated to lower temperatures relative to the first one as previously discussed. This shift could
be explained by inefficiency of the initial treatment at 60 °C that was not enough to remove

residual water.
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Figure 27 — Dependence of logarithm of relaxation times of the different relaxation processes detected in SBA_15-
SIM sample. Filled symbols correspond to 1% heating series and cross symbols refers to 2" heating series. Data from
native simvastatin for the e o processes have been also included for comparison in open symbols. Solid lines
correspond to the respective Arrhenius and VFTH fits. The Tq value included corresponds to that obtained from the
VFTH function at == 100 s for native SIM.
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In Table 4 the activation energies and pre-exponential factors of all the processes detected

in SBA-15_SIM are summarized. Also the Tg4 values estimated for the t = 100 s were included.

Table 4 — Activation Energy and pre-exponential of processes presents in SBA-15_SIM.

Ea (kJmol?) 10 (s)

a-process 246,1 4, 96E-39

sl peak 1 177,3 7,47E-26
peak?2 186,9 2,39E-25

0-process 241,7 2,90E-39

RN peak 1 169,9 1,71E-25
peak?2 159,9 5,97E-22

These results concurs with the glass transition detected by DSC in which a shift of ~20 °C
to higher temperatures was observed in comparison with the native amorphous drug.

As happen with the main a-process, also conductivity is largely shifted towards higher
temperatures meaning that i) a correlation exists (as found for several glass forming systems)*
between the structural a-process and the charge transport mechanism and ii) charge transport is
highly impaired in the composites.

An additional process, absent in the native drug, is detected in the composite whose origin
can be due to several mechanisms namely: another surface process distinct to the detected one
due to drug molecules adsorbed at the outer surfaces of the silica matrix and/or at their
intergrains*, or even to a Maxwell-Wagner-Sillars process due to interfacial polarization build
up between liquid-like regions and solid matrix network. More work should be done in order to
clarify this.
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3.5 Release assay

Solubility of native simvastatin was also monitored under identical conditions described in
(2.2.7 Drug Release Experiments) during 48 hours. Some representative spectra taken at different
times are shown in Figure 28 showing as the characteristics peaks of SIM become clearer defined

with time.
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Figure 28 — UV-Vis absorbance spectra obtained for bulk simvastatin: until pink line, taken every hour and next
every eight hours. Vertical line indicates 2 = 238 nm which has been taken as reference for posterior analysis. The
mass of simvastatin placed in the membrane was 0.45 mg.

It is important to note that after 48 hours of experiment it was observed that SIM is still

in the membrane (Figure 29), indicating that the release was not complete.

Figure 29 — Dialysis membrane after finishing the solubility assay of 0.45 mg of simvastatin.

Using the Lambert-Beer law obtained for the calibration curve (see annex 3), the
simvastatin concentration was estimated allowing to find its dependence with time during release
in the cuvette (2.8 mL).
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A similar procedure was applied for monitoring the simvastatin release from the silicas.
The masses of these samples placed in the membranes were close to 0.7 mg, taking into account
the TGA results that indicate approximately 50% of SIM in composites, the mass used in the
experiments would correspond to approximately 0.45 mg of native simvastatin and 0.45 mg of
silica. In that way, the influence of the mass was minimized facilitating the direct comparison
between results from composite and native drug.
In Figure 30 it can be seen the evolution of its concentration as well as the SIM release obtained
from the SBA-15_SIM and SBA-15_F_SIM composites.
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Figure 30 — Solubility and release profiles of bulk simvastatin, SBA-15_SIM and SBA-15_F_SIM obtained at
A=238 nm.

Since simvastatin in solubility assay is in crystalline state, the higher concentration
obtained from the SBA-15_SIM and SBA-15 F_SIM is a clear indication that the amorphous
state increases the solubility.

Apparently, the release from SBA-15_SIM is faster than from SBA-15_F SIM. This
suggests that interactions between simvastatin and unmodified silica are weaker than those
occurring in the functionalized one. In other words, the presence of methyl groups seems to induce
stronger interactions with the drug molecules, meaning that probably hydrophobic interactions
dominate. On the other hand, it is important to note after that 24 hours of monitoring the drug
release, the concentration in the cuvette of both SBA-15_SIM and SBA-15_F SIM is similar.
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From the concentration vs. time plot it was possible to estimate the quantity of simvastatin
released. At the end of 24 hours this corresponds to around 1% in both silicas and less than 0.8%
in native simvastatin.

In Zhang, P. et al, the release profile of simvastatin from polycaprolactone microspheres
was monitored during 30 days (at 37 °C) that can be taken as an indication of the slow release®.
Also in Huang, X. et al, it was shown as simvastatin loaded in calcium sulphate scaffolds needs

more than two weeks for a complete release®!.

3.6 Cytotoxicity assay

The recommended daily dose of simvastatin is 40 mg, which can go up to a maximum of
80 mg in exceptional cases and a minimum dose of 10 mg®. In this work, the calculations to
define the concentrations to be tested (Table 5) were made having as base litres of blood of an

adult person that are 6 litres®.

Table 5 — Tested concentrations in cytotoxicity assay.

Concentration (gL™?)

0.0078125 0.015625 0.03125 0.0625 0.125 0.25 0.5 1

In the Table 5 are represented the results from cytotoxicity assay with concentrations
ranging from 0.0078 to 1 gL%. It is usually considered that samples present cytotoxicity if the cell

viability is below 70%.
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Figure 31 — Cytotoxic evolution of SBA-15, SBA-15_SIM and SIM on Caco-Coz cells. Results are expressed as mean
+ SD of three independent experiments performed in triplicate.
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According to Figure 31 it is possible to observe that SBA-15 is not cytotoxic for organism,
since the cell viability is always above from 70%.

Otherwise, simvastatin when tested in concentrations near from de maximum dose (80
mgL™* = 0.08 gL™?) is cytotoxic. Once incorporated in SBA-15, there is not verified any signal of
cytotoxicity. Even more, the 70% (for instance) of mortality is only achieved when ~0.25 gL is
used. This can represent a good advantage in using this system in the bone regeneration, one of
the applications of statins that have been gaining a growing interest. For this application, it is
required to the local levels of simvastatin those at high concentration and for an extended periods
of time>, factors that in light of these results could be obtained.

Moreover, this composite could be used for longer times since it can be observed that there
is a controlled delivery even using higher concentrations of SIM. In fact the encapsulation of the
drug inside the silica matrix retains the drug in such a way that permits the use of higher
concentrations for longer times which is not possible with free drug. In this sense, the efficiency
in the drug’s retention exhibited must reflect in a higher concentration of drug achieving the

target. Consequently, it reduces the side effects as well as it increases the biodisponibility.
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Conclusions

Among the different strategies developed by the pharmaceutical industry to turn more
soluble the existing drugs, the modification of its physical state is a promissory way, namely their
amorphization, since the amorphous state is characterized by a high intrinsic disorder that
promotes higher solubility. In the present work, a drug delivery system has been prepared and
characterized with the aim to improve the water solubility of a drug taking advantage of the
amorphous state.

The studied drug, simvastatin, is frequently used to reduce the levels of cholesterol in
blood but also with high efficiency in the bone regeneration. Besides drug’s amorphization, which
was accomplished by incorporation inside SBA-15 mesoporous matrices, the work also envisaged
to correlate guest-host interactions with the drug delivery profile. Therefore, unmodified (SBA-
15) and functionalized by methylation (SBA-15_F) mesoporous silica matrices were synthesized
and used as drug carriers. The characterization of the silicas surface was performed by scanning
electron microscopy and transmission electron microscopy; their pore sizes were estimated by
textural analysis as 6.8 nm for SBA-15 and 6.7 nm for SBA-15_F.

Attenuated total reflectance, NMR and thermogravimetric analysis gave evidence

efficient inclusion in matrices. By TGA a loading percentage of 49 % (w/w) in the composite was
determined corresponding to a pore filling of 98 % (v/v) unmodified silica matrix.
Native SIM’s phase transformations were studied by differential scanning calorimetry (DSC),
allowing identifying melting as an exothermic peak centred at 140 °C. Upon cooling from the
melt, crystallization is circumvented and SIM vitrifies. The glass transition, is detected in
subsequent heating, is clearly seen with a midpoint temperature (Tgmid) 0f 33 °C. In the composite
SBA-15_SIM, the glass transition is also detected at 59 °C with no endothermal event being
registered due to melting. By one side, this shows that the drug is in the amorphous state and, by
other side, it reveals an increase in the glass transition temperature relative to the native drug, i.e.,
the drug becomes less mobile inside pores. To have an insight in the molecular mobility of SIM
inside SBA-15 pores, dielectric relaxation spectroscopy (DRS) was used. Results indicate a shift
of the spectral response to lower frequencies meaning that molecular motions relax at a lower rate
compared with native SIM, as deduced from calorimetric results. The mobility hindrance is due
to interactions with the inner surface of the silica matrix, although ATR-FTIR and TGA analysis
gave no evidence of strong interactions.

Cytotoxicity assays were performed using confluent and non-differentiated Caco-2 cells.
The results demonstrate that at higher concentrations simvastatin is less cytotoxic when in

composite, being safer for the patient.
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Release essays were done to simulate drug delivery in organism using conditions similar
to intestinal fluid such as pH 6.8. Monitoring by UV-Vis spectroscopy showed that simvastatin is
easily released from both silica. Preliminary results show that the release from both types of drug
carriers is highly enhanced relatively to the native drug dissolution and suggest a faster release
from the unmodified silica, most probably due to a lower extent of guest-host interactions. The
absence of cytotoxicity and the ability to release the incorporated drug, allow concluding that the
studied composites are promissory to be used as drug delivery systems.

The work was accepted to be presented as poster communication in Chempor 2018 (annex
4).

40



Bibliography

10.

11.

12.

13.

14.

15.

16.
17.

Cordeiro, T. et al., Accessing the Physical State and Molecular Mobility of Naproxen
Confined to Nanoporous Silica Matrixes. J. Phys. Chem. C 120, 14390-14401 (2016).

Williams, H. D. et al., Strategies to Address Low Drug Solubility in Discovery and
Development. Pharmacol. Rev. 65, 315-499 (2013).

Kalepu, S. & Nekkanti, V., Insoluble drug delivery strategies: Review of recent advances
and business prospects. Acta Pharm. Sin. B 5, 442-453 (2015).

Husak, M. et al., Simvastatin: Structure solution of two new low-temperature phases from
synchrotron powder diffraction and ss-NMR. Struct. Chem. 21, 511-518 (2010).

Chaudhari, S. & Gupte, A., Mesoporous Silica as a Carrier for Amorphous Solid
Dispersion. Br. J. Pharm. Res. 16, 1-19 (2017).

Vickers, S et al., Metabolic disposition studies on simvastatin, a cholesterol-lowering
prodrug. Drug Metab Dispos 18, 138 —14 (1990).

Vree, T. B. et al., Differences Between Lovastatin and Simvastatin Hydrolysis in Healthy
Male and Female Volunteers: Gut Hydrolysis of Lovastatin is Twice that of Simvastatin.
Sci. World J. 3, 1332-1343 (2003).

Rikitake, Y. & Liao, J. K., Rho GTPases, statins, and nitric oxide. Circ. Res. 97, 1232—
1235 (2005).

Schachter, M., Chemical, pharmacokinetic and pharmacodynamic properties of statins:
An update. Fundam. Clin. Pharmacol. 19, 117-125 (2005).

Rondini, E. A. et al., Differential Regulation of Gene Expression by Cholesterol
Biosynthesis Inhibitors That Reduce ( Pravastatin ) or Enhance ( Squalestatin 1 ) Nonsterol
Isoprenoid Levels in Primary Cultured Mouse and Rat Hepatocytes. J Pharmacol Exp
Ther. 1, 216-229 (2016).

Shah, S. R. et al. Novel applications of statins for bone regeneration. Natl. Sci. Rev. 2, 85—
99 (2015).

Kheirallah, M. & Almeshaly, H., Simvastatin, dosage and delivery system for supporting
bone regeneration, an update review. J. Oral Maxillofac. Surgery, Med. Pathol. 28, 205—
209 (2016).

Papadimitriou, K. et al., Effects of local application of simvastatin on bone regeneration
in femoral bone defects in rabbit. J. Cranio-Maxillofacial Surg. 43, 232-237 (2015).

Park, J. B., The use of simvastatin in bone regeneration. Med. Oral Patol. Oral Cir. Bucal
14, 485-488 (2009).

Pedersen, T. R. & Tobert, J. A. Simvastatin: a review. Expert Opin Pharmacother 5,
2583-2596 (2004).

Atkins, P. & de Paula, J., Atkins Physical Chemistry. (Oxford University Press, 2010).

https://physics.stackexchange.com/questions/113623/first-order-phase-transition-heat-
capacity. (Accessed: 15th September 2018)

41



18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Moura Ramos, J. J. & Diogo, H. P., Are Crystallization and Melting the Reverse
Transformation of Each Other? J. Chem. Educ. 83, 1389 (2006).

Hancock, B. C. & Zografi, G., Characteristics and Significance of the Amorphous State in
Pharmaceutical Systems. J. Pharm. Sci. 86, 1-12 (1997).

Raza, K. et al., Polymorphism: The Phenomenon Affecting the Performance of Drugs.
SOJ Pharm. Pharm. Sci. 1, 1-10 (2014).

Debenedetti, P. G. & Stillinger Frank, H., Supercooled liquids and the glass transition.
Nature 410, 259-267 (2001).

Rahmat, N. et al., Review : Mesoporous Santa Barbara Amorphous-15 , Types, Synthesis
and Its Applications towards Biorefinery Production. Am. J. Appl. Sci. 7, 1579-1586
(2010).

Zholobenko, V. L. et al., Initial stages of SBA-15 synthesis: An overview. Adv. Colloid
Interface Sci. 142, 67-74 (2008).

Kodre, K.V. et al., Differential Scanning Calorimetry: A Review. Res. Rev. J. Pharm.
Anal. 3, 11-22 (2014).

http://the-dielectric-society.org/sites/default/files/williams2005.pdf.  (Accessed:  15th
September 2018)

Yildiz, D. E. & Dokme, 1., Frequency and gate voltage effects on the dielectric properties
and electrical conductivity of Al/SiO2/p-Si metal-insulator-semiconductor Schottky
diodes. J. Appl. Phys. 110, 014507 (2011).

Note, A. Agilent Basics of Measuring the Dielectric Properties of Materials. Meas. Tech.
2007, 32 (2005).

Solids, P., Mccrum, N. G., Williams, G. & York, N. Anelastic and Dielectric Effects in
Polymeric Solids. (Dover Publications, 1969).

http://the-dielectric-society.org/sites/default/files/williams2005.pdf.  (Accessed: 12th
August 2018)

https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?dbs+hsdb: @term+@rn+@rel+79902-63-
9. (Accessed: 15th August 2018)

Karolewicz, B. et al., Physicochemical and dissolution studies of simvastatin solid
dispersions with Pluronic F127. Pharmazie 69, 589-594 (2014).

https://pubchem.ncbi.nim.nih.gov/compound/simvastatin#section=Stability. (Accessed:
2nd September 2018)

Gao, L. et al.,, A novel Znll-sensitive fluorescent chemosensor assembled within
aminopropyl-functionalized mesoporous SBA-15. Inorg. Chem. 45, 68446850 (2006).

Barrera, E. G. et al., Hybrid silica bearing different organosilanes produced by the
modified Stéber method. Powder Technol. 301, 486-492 (2016).

http://www.chemspider.com/Chemical-Structure.49179.html. (Accessed: 5th September
2018)

Crucho, C. I. C. et al., Functional Group Coverage and Conversion Quantification in
Nanostructured Silica by *H NMR. Anal. Chem. 89, 681-687 (2017).

42



37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

Rakhmatullin, 1. Z. et al., Structural studies of pravastatin and simvastatin and their
complexes with SDS micelles by NMR spectroscopy. J. Mol. Struct. 1105, 25-29 (2016).

Cavas, M. et al., Behavioural effects of dimethyl sulfoxide (DMSO): Changes in sleep
architecture in rats. Toxicol. Lett. 157, 221-232 (2005).

Ribeiro, T. et al., Hybrid mesoporous silica nanocarriers with thermovalve-regulated
controlled release. Nanoscale 9, 13485-13494 (2017).

Yan, M. et al., Local controlled release of simvastatin and PDGF from core/shell
microspheres promotes bone regeneration in vivo. RSC Adv. 7, 19621-19629 (2017).

Sambuy, Y. et al., The Caco-2 cell line as a model of the intestinal barrier: influence of
cell and culture-related factors on Caco-2 cell functional characteristics. Cell Biol. Toxicol.
21, 1-26 (2005).

Serra, A. T. etal., Processing cherries (Prunus avium) using supercritical fluid technology.
Part 2. Evaluation of SCF extracts as promising natural chemotherapeutical agents. J.
Supercrit. Fluids 55, 1007-1013 (2011).

Philip, B. et al., Preparation, characterization and pharmacodynamic evaluation of fused
dispersions of Simvastatin using PEO-PPO block copolymer. Iran. J. Pharm. Res. 11,
433-445 (2012).

Silverstein M, Robert; Webster, F.X.; Kiemle, D., Spectrometric Identification of Organic
Compounds (John Wiley & Sons, 2005).

Loébmann, K. et al., Co-amorphous simvastatin and glipizide combinations show improved
physical stability without evidence of intermolecular interactions. Eur. J. Pharm.
Biopharm. 81, 159-169 (2012).

Graeser, K. et al., Amorphous simvastatin — stability and physico-chemical properties of
two differently prepared amorphous forms. Cryst. Growth Des. 8, 4-4 (2008).

He, H. et al., Synthesis and in vitro photodynamic activities of pegylated distyryl boron
dipyrromethene derivatives. J. Med. Chem. 54, 3097-3102 (2011).

Krause, C. et al., Charge transport and dipolar relaxations in imidazolium-based ionic
liquids. J. Phys. Chem. B 114, 382-386 (2010).

Bras, A. R. et al., Molecular mobility of nematic E7 confined to molecular sieves with a
low filling degree. J. Chem. Phys. 132, 224508 (2010).

Zhang, P. et al., Local delivery of controlled-release simvastatin to improve the
biocompatibility of polyethylene terephthalate artificial ligaments for reconstruction of the
anterior cruciate ligament. Int. J. Nanomedicine 11, 465-478 (2016).

Huang, X. et al., Highly efficient release of simvastatin from simvastatin-loaded calcium
sulphate scaffolds enhances segmental bone regeneration in rabbits. Mol. Med. Rep. 9,
2152-2158 (2014).

http://app7.infarmed.pt/infomed/download_ficheiro.php?med_id=34002&tipo_doc=fi.
(Accessed: 1st September 2018)

Abrantes, W. L. Hipervolemia Mais Triplice Oclusdo Vascular No Tratamento Da Lesdo
Traumética Da Veia Cava Retro-Hepética E Veias Hepéticas Hypervolemia and Triple
Vessel Occlusion in the Treatment. Rev Col Bras Cir 28, 383-385 (2001).

43



54,

Ungaro, F. et al., Microparticle-embedded fibroin/alginate beads for prolonged local
release of simvastatin hydroxyacid to mesenchymal stem cells. Carbohydr. Polym. 175,
645-653 (2017).

44



Annex 1 — Textural analysis

Isotherm Linear Plot
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Annex 2 — Phosphate buffer solution preparation pH=6.8

The phosphate buffer solution was prepared with monopotassium phosphate and sodium
hydroxide.

Preparation of a 0.2 N monopotassium phosphate (KH2PO4) solution:
M(KH2PO4) = 136 g/mol

IN --136¢
02N - Xg x=27.2¢

27.2g --- 1000 mL
X --- 250 mL X=6.8 ¢

Then dissolve 6.8 g of monopotassium phosphate to 250 mL of distilled water.

Preparation of a 0.2 N sodium hydroxide (NaOH) solution:
M(NaOH) = 40 g/mol

IN -- 40g¢g
02N-- Xxg x=8.0¢

8.0g --- 1000 mL
X --—- 200 mL x=1.6¢

Then dissolve 8.0 g of sodium hydroxide to 200 mL of distilled water.
Approximately 500mL of the second solution (NaOH) were added to the monopotassium

phosphate solution and the pH was adjusted to 6.8 + 0.1 with the addition of the solution of
sodium hydroxide.
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Annex 3 - Simvastatin’s calibration curve

[ Amostra | PO | P3 | Pa | p5 | P6 | P7 | P8 [ P9 | P10 |
0 0,5 1 2 4 5 6 8 10

Abs A\=238 0 0,0393959 0,0858124 0,177107 0,365202 0,464431 0,551465 0,691932  0,950072

238 nm
1
.".
0,8 L.
RS
— 06
4 E .--""'.
'2: % 0,4 & et y =0,0927x-0,0063
9 . R2 =0,9966
0,2 ) set
W
0 o-®
0 2 4 6 8 10 12
0,2 :
Concentration (mg/L)
®  238nm  eeeeeeees Linear (238 nm)  «xeeeeees Linear (238 nm)
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Introduction
Simvastatin (SIM) belongs to statins family and is used to reduce the levels of cholesterol in blood, also having high efficiency in the bone H 0
regeneration.
Among the di ies developed by the ph ical industry to turn more soluble the existing drugs, the modification of its H:
N HiC
physical state is a promissory route, namely their since the state is by a high intrinsic disorder that HeC
promotes higher solubility. s CH. ? LoH
Aims T th
* Achieve SIM’s amorphization, incorporating it in unmodified and surface treated by methylation SBA-15 mesoporous matrices. HC™
4

+ Validate the drug release system, the increase of solubility in water and the non cytotoxic effect when incorporated in silica matrices.

Sample Preparation Results

Synthesis

* 0.2 g of P123 triblock copolymer in 60 mL of 2 M HCL and 15 mL of desionized
water;

* Addition of 4.4 g of tetraethyl orthosilicate by dropwise under stirring;

«  Stirred for 24 hours at 40 2C; increase up to 100 2C;

*  Mixture was transferred for a Teflon-lined autoclave for 24 hours;

* Filtration under vacuum, wash with distilled water, air-dried;

* Calcination at 500 2C for 5 hour with a heating ramp of 10 °C min™!

Functionalization

* 05 g of SBA-15 in 150 mL toluene and 2.5 mL methyltrimethoxysilane in a
nitrogen atmosphere;

+ Stirred and heated to 80 #Cand held for 5 hours;

Filtration under vacuum and washed with 50 mL of toluene and 50 mL of ethanol;

The solid product was dried at 500 2C overnight.

Characterization
The synthesized silicas, SBA-15 and SBA-15_F, where characterized by textural analysis
by Laboratério de Analises/Requimte of the Chemistry Department, Universidade Nova
de Lisboa.

Table 1 - Textural information about mesoporous silicas.

8526
6958

SBA-15
SBA-15_F

0.9914 68 73
0.8123 6.7 7.2

0.0279
0.0173

X10 1

[Zoonm |

SBA-15 characterized by SEM (Iefy) and TEM (right), scanning electron images where
obtained at IST, Universidade de Lisboa.

Comparison of the 'H-NMR (pH=13) spectra for
SBA-15 and SBA-15_F: the arrows indicate the
peaks only detected in finctionalized matrix.

ATR-FTIR spectra of simvastatin, SBA-15,

SBA-15_F, SBA-15-simvastatin and SBA-15
Junctionalized-simvastatin.

ATR-FTIR, NMR and thermogravimetric
analysis evidence efficient inclusion in
matrices.

'H-NMR spectra of SBA-15_F shows
three peaks that are not present in the
SBA-15, confirming the methylation of
the matrix.

M 41

By TGA a loading percentage of 49%
(w/w) in the composite was
determined corresponding to a pore
filling of 98% (v/v).

Graph corresponding to the degradation by TGA of
SIMand SBA-15_SIM, both performed at nitrogen
atmosphere at 10°C/min.
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DSC of native SIM’s confirms the existence of three polymorphs and the melting of the sample at 1402C.
Upon cooling, crystallization is avoided and SIM solidifies in a glassy state. The glass transition estimated on
heating (Tg,mid) was 33 2C. In SBA-15_SIM, the glass transition is also detected at 59 2C indicating that the
drug is in the amorphous state.
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Dielectric was applied for i the molecular dynamic of SIM in the SBA-15-

SIM composite. Sample previously dried during 1 h at 60 °C; two series of isothermal spectra were collected
from -120 to 160 °C.
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Isachronal representation of £ at 10° Hz of SBA-

Relaxation map obtained from the fitting of M*vs. T
15-SIMand native SIM

by the superposition of Gaussians functions.
DRS results of SBA-15-5IM sample indicate that molecular motions of SIM molecules are hindered by the
presence of the silica matrix, in agreement with the calorimetric Tg's increase.

UV-Vis was used to monitoring the drug release from the composites in —
PBS:ethanol media (90:10 w/w) at 25 2C. Spectra were collected on continuum l -
by using a dialyses membrane. Solubility of native SIM was also investigated

under identical experimental conditions.

Ribeiro, T. et. a.
Nanoscale 2017, 9(36), 13485-13494.

Concentston (mgi)

Tima fmin)

Solubility of bulk SIM and release profiles of
SIM from the composites obtained at /=238 nm.

UV-Vis absorbance spectra obtained for bulk SIM
during 48 h. Vertical line indicates 4 = 238 nm.

Apparently, the release from SBA-15_SIM is faster than from SBA-15_F_SIM. This suggests that the
presence of methyl groups seem to induce stronger interactions with the drug molecules.

5 120
e ———
% o Cytotoxicity assays were performed using
£ 5d confluent and non-differentiated Caco-2 cells.
i ) —— The results demonstrate that at higher
g o) - concentrations simvastatin is less cytotoxic when
E " in composite, being safer for the patient.
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Cytotoxic evolution results are expressed as mean +
SD of three independent experiments performed in
rriplicate.
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