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Abstract

Among the different drug administration pathways, the oral route remains the most pre-
ferable one for the patients, although quite challenging from a pharmaceutical point of
view. The integrity of the pill has to be preserved up to the drug absorption site i.e., in the
intestine. [t implies that the drug has to be stable in an acidic environment, soluble in near
neutral pH and lastly, permeable through the intestinal epithelial barrier. Needless to
mention that it is rarely the case as currently most of the drugs accepted for oral dosage
are blocked because of their limited oral bioavailability. Promising approaches to maxi-
mize the chances to reach the systemic circulation could be found in the encapsulation of
therapeutic agents into porous materials and in the design of pH-responsive formulations.
A variety of porous materials are interesting for drug delivery but one kind is particularly
worthy of investigation: mesoporous silica nanoparticles (MSNs). In this thesis, two types
were investigated in particular: MCM-48-type nanoparticles and dendritic-type nanopar-
ticles (DMSNs). Several therapeutic agents were incorporated in the pores of these MSNss:
resveratrol, omeprazole and insulin which are all interesting models suffering from low
solubility, low permeability or susceptible to acidic or enzymatic decomposition. Table-
ting these drug-loaded MSNs with succinylated 3-lactoglobulin has prevented the release
and therefore the degradation of drugs at acidic pH and has promoted their elution in near
neutral pH. In vitro cytotoxic assays have been conducted using HT-29, Caco-2 and HCEC
cell lines to get deeper insights into the biocompatibility of the various MSNs designed,
and the mediation of the in vitro metabolic activity of the cells upon sustained release and

enhanced drug permeation.






Zusammenfassung

Unter den verschiedenen Wegen der Arzneimittelverabreichung bleibt der orale Weg fiir
die Patienten der beliebteste auch wenn er aus pharmazeutischer Sicht recht herausfor-
dernd ist. Die Pille muss namlich bis zur Arzneimittelabsorptionsstelle d.h. im Darm intakt
bleiben. Das Medikament sollte in einer sauren Umgebung stabil sein, bei einem nahezu
neutralen pH-Wert l6slich und schliefdlich durch die Darmepithelbarriere aufgenommen
werden. Dieses Anforderungsprofil wird bei oraler Aufnahme von vielen Medikamenten
wegen der limitierten biologischen Verfiigbarkeit selten erfiillt. Um die Aufnahme zu
verbessen ist die Einschlief3ung von Therapeutika in porése Materialien und die Verwen-
dung von pH-abhdngigen Systemen eine vielversprechende Strategie. Es gibt viele ver-
schiedene porose Materialien, die sich fiir die Wirkstofftransport eignen aber ein Typ ist
besonders interessant: Mesopordse Silica-Nanopartikel (MSNs). In dieser Dissertation
wurden zwei Typen davon untersucht: MCM-48-Nanopartikel und DMSNs (dendritische
Nanopartikel). Mehrere therapeutische Wirkstoffe, insbesondere Resveratrol, Omeprazol
und Insulin, wurden in die Poren von MSNs geladen. Sie alle sind gute Beispiele fiir Medi-
kamente mit geringer Loslichkeit, geringer Permeabilitiat oder die Anfalligkeit fiir saure
und enzymatische Zersetzung. Die Herstellung von Tabletten bestehend aus mit
Arzneimitteln beladenen MSNs und succinylierten -Lactoglobulin hat es ermdglicht, dass
die Freisetzung und damit der Abbau bei saurem pH unterbunden und die Elution bei na-
hezu neutralem pH-Wert geférdert wird. In vitro-Zytotoxizitatstests wurden mit HT-29-,
Caco-2- und HCEC-Zelllinien durchgefiihrt um die Biokompatibilitit der verschiedenen
entwickelten MSNs sicher zu stellen. Weiters wurde die in vitro Stoffwechselaktivitit der
Zellen bei der fortlaufenden Freisetzung und bei hoheren Wirkstoffkonzentrationen

getestet.
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Chapter 1 - Introduction

[. Oral drug delivery

In medicine, a drug can be administered through several biological pathways: either en-
teral, which refers to an absorption through the gastro-intestinal tract (GIT) i.e., oral de-
livery, or parenteral, which refers to anything that does not go through the GIT i.e., the
intravenous (i.v.) but also the transdermal or the inhalational routes. Although, the oral
route cannot completely replace the i.v. injection in the case of an emergency situation or
when caring for a patient with irritated GIT for example, it needs to be further developed
to provide therapeutic alternatives for cancer, diabetes or immune treatments. Very re-
cently, the scientific community witnessed a breakthrough in the oral delivery of insulin.
Abramson et al. developed a so-called self-orienting millimeter-scale applicator for pain-
free application of insulin directly into the gastric mucosa with a plasma concentration
comparable to those of subcutaneous administration.! Moreover, several clinical studies
have shown that, in addition to increased patient compliance and decreased adverse ef-
fects, the oral pathway was as effective as the i.v. chemotherapy one.?3 Besides, oral chem-
otherapy could represent a cost-benefit since less medical care is needed which balances
the higher cost associated with the formulation of drugs.# Contrary to i.v. injections where
100 % of the drug is available in the blood circulation, the bioavailability of orally admin-
istered drugs i.e., the percentage of drug in the bloodstream, remains the greatest chal-
lenge of oral drug delivery. From a pharmacological point of view, the journey of a drug
within the organism is described by four stages: the absorption, distribution, metabolism
and excretion (ADME). The bioavailability or biodisponibility highly depends on the ab-
sorption. Indeed, among the physiological factors at play, the acidic conditions in the
stomach, the pH of the GIT ranging from ca. 5.0 - 7.4, the presence of enzymes and the
composition of the intestinal barrier greatly affect the exposure of the targeted tissues to
the active drugs.>¢ The ability of the drugs to successfully pass these successive barriers
can be predicted from the chemical structure of a drug molecule since from one molecule
to another, the intrinsic physico-chemical properties vary a lot and this may affect the

ADME stages.
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[I. Therapeutic agents

Depending on their chemical structure, therapeutic agents exhibit very different physico-
chemical properties. For example, the hydrophilic/hydrophobic character of a molecule,
characterized by log P, P being the partition of the drug concentration between a wa-
ter/octanol biphase, has a major effect on the solubility and by extension on the permea-
bility of the drug since only the solubilized portion of the administered drug would be
absorbed.” In fact, there is a sort of paradox between solubility and permeability of a given
drug in which a certain lipophilicity is needed for a molecule to be transported through
the intestinal barrier but it is this exact lipophilicity that reduces the ability of a molecule
to be solvated in an aqueous solution. Also, the molecular weight (MW) of potential drug
candidates is believed to be rather low i.e., below 500. Smaller compounds are more likely
to be transported through aqueous pores, to navigate paracellularly across the epithelial
cells and to reduce the risk of hepatic clearance.? It does not necessarily mean that higher
MW compounds do not bear a chance against their small competitors: interest towards
upper MW candidates has increased over time in pharmaceutical companies such as
Merck or Pfizer and even acceptable bioavailability of compounds with MW above 500
have been reported.® Therefore, it might not be the molecular weight per se that influences
the permeation properties of a drug but rather what can intuitively be correlated with it,
namely, the molecular flexibility, the polar surface area, the hydrogen bonds, the rotatable
bond counts and the aromatic proportion.1911 Back in 1997, Lipinski et al. proposed the
so-called ,rule of 5“ in which he stated that 90 % of the orally administered drugs analyzed
fell into three out of the following categories: MW < 500, log P < 5, number of H-donor <
5, number of H-acceptor < 10.12 Later on, the polar surface area (< 140 A2) and number of

rotatable bonds (< 10) were also incorporated.3

Without a doubt, the close examination of these physico-chemical properties indicates the
design of drug molecules to be potentially more efficient even though direct relationships
between the chemical structure and the activity of the drug in vivo in terms of interaction
with receptors, efflux proteins, metabolizing enzymes, cellular membranes are still far
from being trivial. Nevertheless, as reported by Meanwell and coworkers, owing to a
deeper understanding of chemical structure-biological activity correlation, the source of
drug failure is no longer only a matter of poor bioavailability but concomitant commercial,

formulation and toxicity reasons also come into consideration.!* It can be well understood
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that high throughput screening methods have generated a larger amount of potential
drugs with a higher degree of molecular complexity which make their formulations more
challenging. Unfortunately, this has become a major hurdle for pharmaceutical companies
at the moment since the marketability of these potential candidates is plagued by a lack
of effective formulations.!> This can be seen as no less of an opportunity to engage in the
development of efficient formulations that could overcome the limitations faced by the
majority of the newly/previously discovered drugs which all belong to the class II, IIl and
IV of the Biopharmaceutical classification system (BCS): poorly soluble and highly perme-
able (class II), highly soluble and poorly permeable (class III), or poorly soluble and per-

meable (class IV).16

[II. Nanocarriers and confinement of therapeutic agents

With the emergence of

nanocarriers, strategies to Lipid based
Nanocarriers

Polymer based
Nanocarriers

overcome biopharmaceutical

Polymeric
Micelle

Liposome
Ra¥

%

Solid Lipid
Nanoparticle

limitations associated to the

therapeutic agents have be- Nanopartile

Stéalth Nanoparticle
Liposome Albumin bound

. . ] Technology (Nab)
come wider. Figure 1 illus- e = @

i
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C Onj ugates Polymer-Drug
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drug delivery applications.l”

Whether they are polymeric %
solid dispersions, liposomes or e e
nanostructured materials (e.g. ) .
Viral Nanoparticles
inorganic nanoparticles), the
Figure 1: Schematic representation of the variety of nanocarriers under inves-

tigation for their ability to carry drugs through the body.'”” Copyright © Else-
vier.

common point is that they pro-
vide a nanosized space in
which drugs are confined. Not
only does the confinement of drugs offers a protection against acidic or enzymatic aggres-
sions through the GIT, it is also associated with the “amorphization phenomenon” which
refers to the change of the solid state from crystalline to amorphous when the molecules
are trapped in pores of a critical size, typically below 20 nm.!8 This phenomenon is of

great pharmaceutical relevance as the physico-chemical properties of nanoconfined
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drugs differ from their crystalline analogues.1® The solubility of amorphous species would
be enhanced, so this strategy could contribute to solve the first issue of oral delivery i.e.,
the low solubility of some therapeutic agents. The next issue is the drug permeability;
nevertheless, increasing the soluble portion of the administrated drug will increase the

chances to permeate through the intestinal barrier.

The development of nanocarriers has been an expanding area of research over recent
years. For example, liposomes were the first ones to receive the Food and Drug Admin-
istration (FDA) approval with the Doxil® technology in 1995.2° Taking into account that
they were discovered back in 1961 by A. D. Bangham, it says a lot on the timeline associ-
ated with the process from the research to the marketability phase. A lot of criteria have
to be met in order for the nanocarriers to be viable in the area of drug delivery: biocom-
patibility, stability throughout the GIT, high loading capacity of small/large molecules and
ease of synthesis. Mesoporous silica nanoparticles (MSNs) seem to meet all these prereq-

uisites and are therefore promising candidates.

IV. Scope of the thesis
The general aims of the thesis are:

* To demonstrate the usefulness of pore confinement effects on therapeutic agents
in overcoming solubility, premature drug degradation or release in the GIT and by

extension permeability issues

= Todevelop aversatile pH-responsive formulation for oral delivery that can be used

to deliver gastro-sensitive drugs

= To develop a nanocarrier-based formulation for the oral delivery of insulin as an

alternative to existing technologies

To accomplish these goals, first, resveratrol, a broad-spectrum nutraceutical whose prom-
ising anticancer, cardioprotective, anti-inflammatory and antioxidant activities are being
hampered by its poor solubility, was first selected as a representative of the BCS class IL.
It was encapsulated into MCM-48-type MSNs with particle sizes ranging from 90 to 300
nm and pore sizes of either 3.5 or 7 nm. The solubility and release of resveratrol alone or

encapsulated in the different kinds of MSNs were compared. The results indicated that the
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encapsulation of the drug in the nanopores clearly increased the release of the drug in
aqueous solution. In addition, the particle size of the nanocarriers could also influence the
saturated solubility of the hydrophobic drug to some extent. However, the 7 nm pores
failed in enhancing the solubility of resveratrol. The most promising combination i.e., the
smallest particle size of 90 nm and the smallest pore size of 3.5 nm was then selected for
further tests on the permeability across Caco-2 cells and the anti-inflammatory activity.
The results of this work were published in the journal Molecular Pharmaceutics in 2017

and are presented in the Chapter 4 - part I of this thesis.

Following this first study, an oral delivery formulation was developed by tableting a pH-
responsive protein ie., succinylated B-lactoglobulin with MCM-48- and dendritic-type
MSNs (DMSNs). To test the efficacy of such tablets, omeprazole was chosen and incorpo-
rated into the porous network of the MSNs. Omeprazole is a proton-pump inhibitor clas-
sified as the most transformative drug of the past 25 years, yet highly prone to gastric
degradation. It is a good example of drugs needing to be formulated to avoid premature
release and degradation in the stomach. Since using this formulation strategy the external
surface of the MSNs remains free, methyl groups have been anchored and yielded a hyd-
rophobic surface which could potentially influence the drug/surface interactions, the phy-
sical state of the drug and the release rate. In addition, possible cytotoxicity effects and
metabolic cell dysfunctions of the drug, the MSNs and the drug-confined MSNs were scree-
ned using different intestinal cell lines (HT-29, Caco-2 and HCEC cells). The incorporation
of omeprazole-confined MSNs into a pH-responsive formulation was performed and the
pH-controlled release of omeprazole was demonstrated. The results have been submitted
to the journal European Journal of Pharmaceutics and Biopharmaceutics in 2019 and are

presented in the Chapter 4 - part II of this thesis.

Resveratrol-encapsulated MCM-48-type MSNs were also formulated with succinylated -
lactoglobulin to afford pH-responsive oral tablets. Pure, methyl- and amino-functionali-
zed MCM-48-type MSNs were compared in terms of physical state of confined resveratrol
and release in acidic and near neutral pH. Besides, a particular behavior of amino-functi-
onalized MSNs in the presence of succinylated p-lactoglobulin was evidenced for the re-
lease of resveratrol and omeprazole at acidic pH. The results are presented as a manu-

script in the Chapter 4 - part III of this thesis.
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Lastly, a study was conducted to specifically answer the demand for oral insulin dosage.
DMSNs were synthesized with various pore sizes, large enough to accommodate insulin
and combined with succinylated B-lactoglobulin. A thiol functionality was grafted on the
surface as a potential mucoadhesive permeation enhancer. The effect of pore sizes,
surface functionalities and formulation strategies on the release of insulin in acidic and
near neutral pH were systematically compared. In vitro assays based on the insulin star-
vation of the non-tumorigenic human colon epithelial cells (HCEC) initially cultured with
insulin supplement have demonstrated the efficacy of the insulin-confined DMSNs in
sustaining the metabolic activity of the cells in absence of insulin supplement. Finally, con-
focal fluorescent microscopy images have been recorded to demonstrate the role of
DMSNs in the transcellular transport of confined-insulin. The results have been accepted
for publication in the journal Chemistry - A European Journal in 2020 and are presented

in the Chapter 4 - part IV of this thesis



Chapter 2 - State-of-the-art

[. Mesoporous silica nanoparticles
1. General overview

By definition, MSNs are materials with (1) a defined particle morphology e.g., spheres,
rods or other shapes tunable from 30 to 500 nm, and (2) a porous network i.e., pores of
size in the mesopore domain (ranging from 2 to 50 nm). Two families of MSNs have been
used in this thesis: MCM-48-type and dendritic-type nanoparticles, their structures are

illustrated in Figure 2.

Figure 2: Transmission Electron Microscopy images of MCM-48-type nanoparticles (a) and DMSNs (scalebar 100
nm) (b); Scanning Electron Microscopy image of DMSNs (scalebar 100 nm) (c).3%?* Copyright © 2014 American Che-
mical Society.

The ordered mesoporous silica (OMS) materials named MCM-41 were discovered by sci-
entists from Mobil in 1992.21 Bulk MCM-48 materials were first obtained through
surfactant-assisted-synthesis and later on, their synthesis was adapted to produce MCM-
48-type nanoparticles.?? They consist in a 3D-ordered network of interconnected cylind-
rical-like pores which mesostructure commensurate with the Ia3d cubic symmetry. The
walls i.e., the space between the pores, are constituted of amorphous silica.?3 DMSNs have
been introduced as a more recent development in the work of Shen et al.?* Their porous
structure is center-radial and like the organic dendrimers, several porous shells of various
nature can be grown. Typically, MCM-48-type MSNs and DMSNs have a high surface area,
around 800 - 1000 m? g1, and a high pore volume, > 1 cm3 g-1, in common. However, their

porous structures differ greatly; MCM-48-type MSNs have a narrow pore size distribution
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(PSD) centered at around 3 nm whereas DMSNs have larger pores tunable from 6 to 20

nm and wider PSD. On the other hand, DMSNs have a very monodisperse particle size

distribution with sizes of 70 - 80 nm. MCM-48-based nanoparticles are usually bigger,

150 nm, even though their synthesis has been revisited recently to tailor their particle

size from 50 to 500 nm.25

[.2. Principle of synthesis I: from micelles to OMS

4)

(5)

Figure 3: Mechanism of formation of OMS through cooperative
self-assembly of SDA with the silica precursors. (1) Formation of
the micelles in the SDA solution, (2) formation of the mesophases
(2a) by increasing the SDA concentration or (2b) by adding the
silica precursors, (3) interaction of the silica source with head-
groups of the SDA, (4) polycondensation and formation of the me-
sostructured composite and (5) removal of the template.’” Copy-
right © 2011 The Royal Society of Chemistry.

The mechanism of synthesis of OMS re-
lies on the cooperative self-assembly
mechanism between a structure-direc-
ting agent (SDA) and inorganic silica
precursors in an aqueous solution, as il-
lustrated in Figure 3. The deposition of
inorganic silica precursors on isotropic
micelles of the SDA leads to the forma-
tion of the mesostructure phase.26:27
The micelles are key components in the
formation of porous materials as they
induce the final porosity of the materi-
als. For example, cationic surfactants
are used in the synthesis of MCM-48-
type MSNs and DMSNs i.e., cetyl trime-
thylammonium halogenides (CTAB,
C16H33N(CH3)3Br and CTAC,
C16H33N(CH3)3Cl, respectively). Once a
certain critical micellar concentration is
reached, micelles are formed in aque-
ous solution: due to their amphiphilic
character, the cationic hydrophilic
heads of the SDA are exposed to water
while the hydrophobic tails interact to-
gether to reduce their contact with wa-

ter. Consequently, the ionic interactions
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of these exposed cationic heads with the anionic sili-

cate species will lead to the formation of the silica net-
work through sol-gel approach. Indeed, once the silica
source ie., tetraethylorthosilicate (TEOS, Si-
(OCH2CH3)4) is added to the aqueous solution, the
hydrolysis of TEOS under basic catalysis (NaOH,
NH4O0H or triethanolamine, TEA) generate SiO- spe-

cies which interact with the cationic heads of the

. . - 28 .
micelles as depicted in Figure 4.28 The condensation Figure 4: Illustration of the ionic interaction

.1s . . . , . .. taking place between the SDA (S) and the si-
of silicate species into siloxane bridges i.e., Si-O-Si, in hcmféecies (1.2 Copyrightéé()()(? Wiley-

VCH Verlag GmBH & Co. KGaA, Wein-

interaction with the micellar aggregates produces the ;..

hybrid mesophase. Being produced in rather mild

conditions at low temperature i.e., from room temperature (RT) to 80 °C, this mesophase
is rather soft at first but is further consolidated upon aging and drying at higher tempera-
ture i.e.,, 100 °C. Finally, after calcination at 500 °C, the organic moieties are eliminated

and the porosity liberated.
L.3. Principle of synthesis II: from OMS to nanoparticles

The obtention of MSNs results from the combination of the cooperative self-assembly me-
chanism as described above and the Stober-based synthesis. Non-porous silica spheres
have been synthesized in the micron size domain in the late 60’s, notably in the work of
Stober et al.?° Silica spheres were successfully obtained through the hydrolysis and con-
densation of TEOS in an alcoholic mixture containing ammonia as a base catalyst. It was
only in 1997, 5 years after the breakthrough of OMS bulk materials, that the adaptation of
the Stober protocol has permitted to release the first synthesis of MCM-41 microspheres

exhibiting a particle size ranging from 400 to 1100 nm.3°

[.3.a. pH of the reaction

Key factors that control the nucleation and growth of nanoparticles of a certain size and
shape have been identified. As shown in Figure 5, the charge properties and the conden-
sation rate of silica are pH-dependant.3! Silica has an isoelectric point (IEP) around 2,
which implies that at pH < IEP, positively charged species predominate and silica conden-

sation rate is at its lowest. Contrastingly, in the pH range IEP < pH < 7, the concentration
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of negatively charged species increases
to reach pH > 7, where only negative spe-
cies are present. However, beyond pH 10
silicate species dissolve and conse-
quently the condensation rate decreases.
In this case, conditions of supersatura-
tion are not met and nucleation and
growth are not initiated. Nevertheless, in
the MSNs-based synthesis, cationic
surfactants are present and their strong
interactions with anionic silicate species

create a highly stable nuclei from which

TEP of silica

only I

Charge density

1% Si==OH
I*: Si==OH,*

Silica condensation rate

jlllllllllllllllll"
2 4 6 8 10 12

pH

Figure 5: Influence of the pH on the condensation rate of silica
(plain line) and the charge density (dot line).’! Copyright ©
2013 The Royal Society of Chemistry.

the nanoparticle growth can start. Thus, the synthesis of MSNs is made in the pH range 10

<pH < 12. In the early work of Stéber et al., the increased concentration of ammonia leads

to the formation of bigger colloidal spheres. Tuning the pH in this specific region is a way

to (1) produce nanoparticles and (2) control their sizes. However, the smaller the size of

the nanoparticles, the higher are the chances of aggregation, since by interacting with

each other, they try to reduce their surface tension.

[.3.b.

Particle size control and aggregation issues

One way to circumvent this issue is through the use of co-surfactant as particle growth

silicate CTA micelle F127 micelle

o @ &

= @
negatively  positively
charged charged

Assembly of silicate and CTA micelles
through electrostatic interaction

e A

Figure 6: Schematic representation of the role of F127 in the
synthesis of MSNs.’! Copyright © 2013 The Royal Society of

Chemistry.

nonionic

inhibitor and steric stabilizer. Suzuki et
al. opted for this strategy and added
the co-polymer block Pluronic F127
(EO106-P0O70-EO106) to the reaction. As a
result, the mesophase formed is wrap-

ped by the co-polymer and the conden-

Inhibition of grain growth
by nonionic surfactants (F127)
v

sation of silanol groups is quenched as
shown in Figure 6.31.32 Later on, Kim et
al. applied this principle to the synthe-
sis of MCM-48-type MSNs and showed
that increased concentration of F127

leads to smaller particle sizes i.e.,

10
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around 70 nm, and vice-versa.33 A principle that was further investigated by Bouchoucha
et al. and permitted to generate 50 nm MCM-48-type nanoparticles.2> Other compounds
such as TEA have been employed as a base catalyst just as NaOH or NH4OH and for their
ability to reduce the growth and aggregation through complexation of the silicates and

nanoparticles.3*

[.3.c. Biphasic approach

The biphasic approach, elaborated by Shen et al. in 2014, is at the origin of the synthesis
of DMSNs.24 The water phase contains CTAC and TEA, while the oil phase comprises TEOS
and a hydrophobic organic solvent, cyclohexane or cyclobenzene for instance. In this in-
homogeneous reaction, the interface of the two phases allows a fine control of the coope-
rative assembly between the cationic surfactant and the silica species, as illustrated in
Figure 7. The formation of this type of silica nanoparticles is, up to now, not understood
in detail as it involves many complex processes but various explanations have been
proposed. As suggested, the special organization of the hydrophobic chain of CTAC at the
interface allows the organic solvent to break into the water phase under mechanical stir-
ring. Meanwhile, TEOS is being hydrolyzed and condensed at the interface thus forming
hemimicelles with CTAC. Under continuous stirring, these as-formed seeds are very dy-

namic and can further reach the interface, assemble and grow bigger.3>

#TEOS ! Surfactant @®Oligomer Mesopore
B wall

Figure 7: Schematic representation of the postulated mechanism of the forma-
tion of DMSNs.?* Copyright © 2014 American Chemical Society.

Several other syntheses of dendritic-like MSNs have been established with similar mech-

anism and fine control of the morphology, pore and particle size has been shown as being
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rather straightforward in the DMSNs-based synthesis.3¢ For example, Dang et al. reported
the effects of the concentration of the SDA (CTAB) and the stirring speed on the particle
morphology, as illustrated in Figure 8, the temperature and the time of the reaction were
also varied.3” Wang et al. also emphasized the importance of the time reaction since dis-
appearance of the dendritic structure upon increasing the reaction time from 0.3, 1, 2 to
5 h was witnessed (one-pot synthesis).38 In another biphasic approach, Xiong et al. used
cetyltrimethylammonium tysolate as a SDA and TEOS as the only constituent of the oil
phase; they obtained what they called “stellate” MSNs.3° In a one pot set-up, Meka et al.
reported a vesicle supra-assembly approach to synthesize hollow DMSNs for protein de-

livery through the mediation of a second silica source made of an amine organosilane.*0

12004 £24| || ‘48 nm
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Figure 8: (1) Effect of the stirring rate: 500 (a and d), 300 (b and e)
and 100 rpm (c andf); (2) effect of the CTAB concentration: 0.95 (a),
1.3 (b) and 1.9 mg ml”! (c) on the structure, porosity and particle size
as evidenced by the TEM images and the N; isotherms and PSD.%’
Copyright © 2017 The Royal Society of Chemistry.

Whether it is the OMS bulk materials, the MCM-48- or the DMSNs-based synthesis, once
the organic surfactants have been either calcined or extracted, silanol groups are exposed

at the surface of the materials and can be further functionalized.
L.4. Principle of functionalization

In addition to their native properties i.e., porosity, robustness, thermal stability, MSNs can
be functionalized to fulfill the requirement of specific applications. Functional groups

such as amine, thiol, phosphonate, carboxylic acid, can be covalently anchored at the

12
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surface of MSNs through post-synthesis grafting (Figure 9a) or co-condensation method
(Figure 9b). Silanization i.e., reaction of simple organic silanes with the reactive free single
(= SiOH) or geminal (= Si(OH),) silanol groups takes place.?8 These groups will change
the physico-chemical properties of the MSNs. For example, NH, groups will shift the [EP
to higher pH compared to the native silica or polyethylene glycol (PEG) will ensure a long
colloidal stability of the MSNs in aqueous solution.#! Alternatively, in order to drastically
change the polarity of the surface, the silanol groups can be capped using methylsilanes

i.e., methyltrichlorosilane (Eq. 1) or hexamethyldisilazane (HMDS) (Eqg. 2) as follow:
Eq. 1:
=Si—0OH +Cl—Si(CH3); »=Si— 0 —Si(CH;); + HCI
Eq. 2:
2=Si—0H + (CH3)3Si — NH — Si(CH3)3 » 2 =Si— 0 — Si(CH;); + NH;

These are typical post-synthetic grafting reactions. When the functional groups are intro-
duced in situ through co-condensation of TEOS and the organosilanes directly, they are
located in the pore walls of the MSNs and distributed more homogeneously (Figure 9b).
However, many disadvantages derive from this method: the materials cannot be calcined,
otherwise the organosilanes will be combusted with the surfactants.?” 28 Instead,

surfactants can be extracted under reflux conditions, though the complete elimination can

(b)

TEOS »

®-sior)

Figure 9: Schematic representation of the functionalization of OMS with different organosilanes
(R'0)3Si-R through post-synthesis grafting (a) or co-condensation (b).?* Copyright © 2006 Wiley-
VCH Verlag GmBH & Co. KGaA, Weinheim.

13
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not be absoloutely guaranteed and residues of CTAB or CTAC beyond toxic threshold can
be an issue.*? The organo-functionalization by co-condensation or post-synthetic grafting
has opened the door to various coupling strategies.*3 Conjugation of functionalized or
pure MSNs with biomacromolecules to specifically address the challenges of the oral de-

livery routes are further described and discussed in the section II1.3. of this chapter.

I[I. Encapsulation and release of therapeutic agents

Encapsulation of drugs is an inspiring area of development since the physico-chemical
properties of the drugs, taken alone or confined into a nanosized space, differ greatly. Me-
thods to introduce a therapeutic agent into pores of several nanometers have been set up

and are reviewed in this section as well as the impact on the drug properties and release.
I1.1. Method of drug encapsulation

In order to diffuse homogeneously into the porous structure of any kind of nanocarriers,
the drugs have to be solubilized or liquefied. They are either physically trapped in the
pores through solvent diffusion, melting techniques or covalently anchored on the
surface. Because the latter is outside the scope of this thesis, further details will not be

discussed here but interesting work can be found elsewhere.4

II.1.a. Solvent diffusion

Undeniably, solvent diffusion is a widely used technique and it has several variations. Ty-
pically, the molecules are dissolved in a solvent prior to the addition of the MSNs. Under
low speed stirring or shaking, the liquid progressively wet the surface through capillarity
allowing the occurrence of non-covalent H-bonding and Van der Waals interactions

between the silica surface and drug molecules.

1.a.i. Nature of the solvent

The choice of the solvent must be appropriate. In this regard, two prerequisites have to
be fulfilled: it should dissolve the drug up to high concentration and it should be easily
removed from the MSNs. The latter case can be done by evaporation, centrifugation (follo-
wed by a drying step) or lyophilisation. It can be problematic in case of high boiling point
solvent i.e.,, dimethyl sulfoxide (DMSO) or dimethylformamide (DMF): respectively 189 °C

and 153 °C at atmospheric pressure. Residues of solvent would stay trapped in the pores

14
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and knowing the cytotoxicity of DMSO above certain concentrations, it would clearly limit
the biological applicability of drug-loaded MSNs. Furthermore, the drug should be stable
upon solvent removal i.e.,, the temperature has to be carefully set which goes along with a

judicious choice of the solvent.

l.a.ii. Drug concentration

The choice of the concentration of the drug mainly depends on the technique of solvent
removal. With the solvent evaporation technique, whether it is using rotary evaporation
or not, the initial mass of drug added will be entirely integrated in the final product. A 20-
30 % drug loading seems reasonable as it was done by Jambhrunkar et al. with the loading
of curcumin from a methanol solution, or griseofulvin from a dichloromethane solu-
tion.#546 On the other hand, upon centrifugation, the amount of drug not adsorbed will be
eliminated with the supernatant, thus increasing the uncertainty of drug loading. In this
case, concentrated drug solutions are prepared in order to shift the equilibrium and ma-
ximize drug adsorption. Using this method, relatively low loading of doxorubicin, a well-
known anticancer agent, are reported, 1.7 % from Meng et al*’, 4.8 % from Zhang et al.#®

and 8 % from Bouchoucha et al.#°

[I.1.b. Incipient wetness impregnation

A variant of the solvent diffusion technique can be found in the incipient wetness impreg-
nation. In this case, the volume of solution is equal to the volume of the pores. Therefore,
a small volume of a concentrated drug solution is dropped on the materials and upon ac-
tive mixing with a spatula, a paste is formed and the drug diffuses through the porous

network of the materials.

[I.1.c. Melt loading

The melt loading technique relies on the same capillarity action as the previous ones,
except that the mixture materials/drug is heated above the melting point of the drug un-
der continuous stirring. The drug-loaded materials are obtained upon cooling to RT. No
solvent is needed to dissolve the organic molecules which can represent an advantage for
poorly soluble drugs and also suppress the drying step. However, it could potentially im-
pair the therapeutic activity of the molecule upon induction of conformational changes.
With this technique, it should be ensured that the host and the guest are thermally stable

at the melt impregnation temperature.
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[1.1.d. Supercritical fluid

Finally, it is worth mentioning the possibility of drug loading with supercritical CO; fluid.
Instead of being dissolved in an organic solvent, a compressed high volatile fluid is used
at temperature and pressure above the critical point of COz (304.25 K and 7.39 MPa
respectively).>0 Generally, the solubility of drugs in supercritical fluid is higher which is
advantageous. However, although in comparison with other techniques, some steps are

not needed anymore, it requires access to special high-pressure equipment.

To conclude, Figure 10 provides an overview of the most common techniques described
above and the consequences they can have on the distribution of the drug throughout the
porous network.>! Mellaerts et al. revealed that the most appropriate method for loading
itraconozole into the pores of SBA-15 is the incipient wetness method since a homogene-
ous distribution of the drug in the micropores and the mesopores was observed. In con-
trast, the melt technique failed in the penetration of itraconozole inside the pores due to
the high viscosity of the molten state. As illustrated, homogeneous spreading of ibuprofen
through the porous network of SBA-15 was reported even using the melt technique, ibu-

profen being less viscous in its molten state.

Solvent Incipient Melt
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Figure 10: Schematic representation of the influence of the chemical structure
and the encapsulation techniques on the localization of itraconozole or ibu-
profen in the pores of SBA-15 materials.’! Copyright © 2008 American Chemi-
cal Society.
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I1.2. Physico-chemical properties of encapsulated drugs

Regardless of the technique of encapsulation used, once the drugs are confined in a nano-
sized domain, their physical state, mobility and stability can be modulated using materials

with different porous and surface characteristics.

[1.2.a. Drug / surface interaction

As they are physically adsorbed, drugs are in close contact with the pore surface of the
silica materials, thus depending on the chemistry of the surface i.e., pure or functionalized

surface, weaker/stronger interactions will be encountered.

2.a.. Pure silica surface

Silanol groups exposed at the surface of pure materials have a bivalent role: the oxygen
(= Si — OH) can actas a donor atom and the terminal hydrogen (= Si — OH) as an accep-
tor atom. It is not impossible that silanol groups in close proximity can interact together.
As demonstrated by Delle Piane et al., the drugs themselves direct their interactions with
the surface; while aspirin formed four H-bonding with silanol groups (three from the car-
boxylic group and one from the ester carbonyl), ibuprofen, being more apolar, interacts
only through its carboxylic group.>2 Besides polarity, the rigidity of the molecules comes
also into play to tackle well established theories on the strength and length of H-bonding.
As pointed out by Gignone et al. with the example of the anti-fungal drug clotrimazole,
weaker bonds such as Si-OH---Cl and Si-OH---n predominated over the stronger and shor-
ter Si-OH---N, in the case of the weakly hydroxylated surface of MSU-H-type OMS.>3 This
latter case naturally brings into the question of the impact of the degree of hydroxylation

of the surface i.e., the density of silanol groups, on the adsorption of the drugs.

2.a.i. Apolar surface

The best way to get insight into the impact of the silanol groups on the adsorption of a
drug is to eliminate the silanol groups from the equation. This has been done in the work
of Makila et al, in which a comparison of the behaviour of ibuprofen in contact with a
highly polar or highly apolar surface is reported.>* As described previously, ibuprofen en-
gaged its carboxylic group into H-bonding with the polar surface, as evidenced by the de-
crease in the Fourier Transformed Infrared Spectroscopy (FTIR) signal of v (Si-OH).

Another interesting behaviour has been elucidated using 'H Nuclear Magnetic Resonance
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(NMR). A considerable difference in the chemical shift of the hydroxyl resonance peaks of
ibuprofen has been pertinently noticed i.e., from 6 = 9.4 ppm to 6 = 12.3 ppm in the case
of polar and apolar surfaces respectively, and correlated with an environment depen-
dency effect. In other terms, ibuprofen would rather bond with itself through inter-
molecular interactions than with an inhospitable environment, whereas H-bonding of the
monomer ibuprofen with a polar surface is prioritized over intermolecular arrangement.
Therefore, terminal protons of hydroxyl groups have a completely different environment
which impacted on the NMR signals. Consequently, the loading capacity of apolar surface
is somewhat lower as discussed by Andersson et al. For example 20 wt % of ibuprofen
was successfully introduced in a fully hydroxylated silica surface vs 5 wt % for a silica
surface calcined at 1173 K in which the remaining free silanol groups have likely conden-

sed.>>

2.aiii.  Organofunctionalized silica surface

Upon functionalization of silica materials, the silanol groups react with the organosilanes
and are replaced. It is an interesting approach to modulate electrostatic attraction
between the drug and the functional groups of the materials. Towards this particular ob-
jective, NH, groups have been extensively investigated. For example, a pertinent compa-
rison of the mobility of aspirin loaded in either pure or amino-functionalized silica MSNs
was published by Datt et al.5¢ Therein, stronger interactions of aspirin with the amino-
functionalized MSNs reduced the motion of the drug whereas the reverse effect was ob-

served for pure MSNs.

Ballas et al. also employed amino-functionalized MCM-41 and SBA-15 materials to load
the biphosphonate drug alendronate, active against bone diseases, from a pH 4.8 aqueous
solution.57 At this pH, there is an electrostatic attraction between positively charged a-
mine groups NH;* and negatively charged phosphonate groups HPO;~ resulting in a 3
times higher loading capacity for the amino-functionalized materials in comparison to the
pure starting materials. Not only did they report a functionalization effect, they also found
a pore size effect on the loading capacity of the materials. Indeed, 37 % of drug was suc-
cessfully confined in the amino-functionalized MCM-41 materials vs 22 % in the larger
pores of amino-functionalized SBA-15 materials. Special attention has been dedicated to
the impact of the pore size of the materials on the physico-chemical properties of the con-

fined drug and will be expounded upon in the next section.
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[1.2.b. Amorphization and polymorphism

As already briefly introduced, the confinement of therapeutic agents into pores of a
certain size d* can be accompanied by a change in the physical state of the drug from
crystalline to amorphous on the basis of the thermodynamic model proposed in the Gibbs-

Thomson equation (Eq. 3):
Eq. 3:

4.O-Cl Tmoo

= Tnm = 1) Aty ]

Where, o, is the surface energy between crystal and melt, AH,, the heat of melting,
T,,° the melting temperature of the bulk crystal and p, the density of the bulk crystal.>8
Thus, by extrapolation, depending on the thermodynamic characteristics of a given drug,
this critical pore size will change. Nevertheless, it is now commonly accepted that drugs
confined in pores having d* < 20 X molecular size are prone to amorphization.>* Nume-
rous proofs of this idea can be found in the literature but one particularly established di-
rect correlation between pore size, drug loading and physical state. Because fluorinated
compounds have broken into the pharmaceutical development, Nartowski et al. followed
the behaviour of flufenamic acid (FFA) confined in 3.2, 7.1 and 29 nm pores (MCM-41,
SBA-15 and MCF materials respectively) using 1°F NMR.>? For a clearer overview, their
findings are compiled in Figure 11. The melt method was used in order to precisely incor-
porate various ratios of FFA. As demonstrated in this study, in the small pores, the drug
never arranges in a crystalline phase whereas in the 29 nm pores, the crystalline phase is
formed. Moreover, the first FFA molecules adsorbed are highly mobile and this, regardless
of the pore size. A liquid-like state was also elucidated in the pioneering work of Azais et
al.’% Here, the pore size difference between the materials investigated was narrowed
down and the nucleation of a crystalline phase of ibuprofen was already observed in the
11.6 nm pores as evidenced by 13C Cross-Polarization (CP) NMR experiments. Besides, the
cohabitation of a crystalline and a glassy state was also reported in the 11.6 nm pores. The

encapsulation of drug in mesopores aims at the suppression of the crystallization or at the
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Figure 11: Influence of the loading and the pore size on the mechanism of formation
of the amorphous or crystalline state of FFA in the pores of MCM-41 (a), SBA-15
(b) or MCF materials (c).”® Copyright © 2016 Wiley-VCH Verlag GmBH & Co.
KGaA, Weinheim.

nucleation of rare polymorph species which are both relevant for the pharmaceutical in-
dustry. A polymorph refers to the many different internal crystalline forms that one che-
mical structure can adopt in terms of packing and conformational arrangements. As a re-
sult, the physico-chemical properties change, such as melting temperature, solubility or
dissolution rate to name a few.®1 Although, the use of larger pores could lead to crystal-
lization, it could still be beneficial if the drug crystallize in a rare polymorph otherwise
hardly obtained. In this regard, a recent report by Nartowski et al. highlights the crystal-
lization and stabilization of the polymorphs of indomethacin upon confinement in the 30
and 55 nm pores of mesocellular foam materials (MCF) and controlled pore glass (CPG)
materials, respectively. Indomethacin was introduced using the melt loading and depen-
ding on the pore size of the materials, the quantity of drug loaded and post-loading treat-
ments, different physical state were obtained i.e., amorphous, mixture of polymorphs, po-
lymorph V or the most stable y-phase, as illustrated in Figure 12.62 Following up on this
work, the authors more recently published the encapsulation of tolbutamide through melt

loading in MCM-41 materials with 3.2 nm pores. The crystallization of the drug is
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successfully inhibited up to 30 % loading, whereas at higher loading, the form V has been
identified using powder X-Ray Diffraction (PXRD), Differential Scanning Calorimetry
(DSC) and solid-state NMR data.®® The amorphous and the polymorphous state are meta-
stable however since the contribution of the pore surface compensates the energetic cost,
the return to equilibrium via crystallization to a more stable phase is inhibited. Stabilizing
both phases is one thing but their stability over a certain period of time needs to be consi-
dered and has been recently pointed out in the literature as discussed in the following

part.
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Figure 12: Schematic representation of the possible amorphous and crystalline transformations occuring
during melt loading encapsulation of indomethacin into MCF and CPG materials.®> Published by the PCCP
Owner Societies.

[1.2.c. Stability of the confined drug

Since these metastable physical states are associated with defined physico-chemical pro-
perties, any physical state changes upon recrystallization would impair the solubility and
the permeability of the drugs. In this regard as well, the loading can be the driving force
for the precipitation of drugs. Indeed, it has been suggested by Wei et al. that 28 % loading

of hesperidin remained amorphous after 6 months storage as evidenced by the powder
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PXRD pattern presented in Figure 13. In contrast, the materials with a cargo of 60 %
showed an endothermic peak in the DSC profile and diffraction peaks in the PXRD pattern
after 6 months storage which were assigned to the precipitation of non-confined hesperi-
din on the external surface of the materials due to overloading.®* An interesting differen-
tiation was made on the loading of ezetimibe into 5 nm or 30 nm pores: after 5 months
storage the drug confined in the 30 nm recrystallized but the one confined in the 5 nm did
not, as evidenced by the absence of long range order in the PXRD pattern.®> The effect of
nanoconfinement was also demonstrated in the work of Ambrogi et al. When subjected to
stressed conditions, 40 °C and 75 % of moisture, the encapsulated carbamazepine stayed
amorphous while the growth of the polymorph IIl increased by 15-35 % in the case of the

free drug.66
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Figure 13: Schematic illustration of 28% (a) or 60% (b) of hesperidin loaded in Aeroperl
300 materials and the associated PXRD diffractograms recorded after 6 months storage at
RT.% Copyright © 2016 Elsevier B. V.
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IL.3. Release performance

The fact that upon encapsulation and nanoconfinement, properties of drugs can be tuned
is really an asset for further pharmaceutical developments, however, all these achieve-

ment are irrelevant if the payload cannot be released in aqueous solutions.

II.3.a. Influence of the silica surface
3.a.. Pure surface

On the one hand, the release of drugs from pure silica materials might be associated to a
burst release i.e., the confined drug is often released very quickly in a short lapse of time.
For example, after only 15 min in acidic media, 88 or 95 % of ibuprofen was released from
SBA-15 and MCM-41 materials respectively. In comparison, only 16 % of ibuprofen
crystals were dissolved.®” Even though, the silanol groups and the drug interact together,
the H-bonding has a short lifetime when the materials are poured in an aqueous solution
owing notably to the wetability properties of the polar surface of pure silica materials. It
is also likely that high mobility or liquid-like states are two factors that will immediately
increase the elution of the confined molecules. On the other hand however, this might be
of an advantage for highly hydrophobic drugs since owing to the amorphization pheno-
menon, the solubility or release might be several times higher than the free crystals. For
example, Jambhrunkar et al, revealed that after 72 h, 28 % of curcumin which is highly
hydrohobic (aqueous solubility of 3 pg ml-1), was released from MCM-41 nanoparticles

whereas only 9 % of the free drug was dissolved.é8

3.a.ii. Functionalized surface

In contrast, when electrostatic attractions between the drug and the functionalized
surface are involved, the elution occurs generally in a sustained manner. For example, it
took 4 h for aspirin to almost completely diffuse out of MCM-41 materials, whereas 50 -
60 % was released from the amino-functionalized conterpart.>¢ Similarly, a diffusion con-
trolled mechanism was implemented through silylation of MCM-41 materials with HMDS
silane. Indeed, the methyl groups grafted at the surface reduced the wetability of the ma-
terials and resulted in a progressive release of ibuprofen over a period of 10 h as opposed
to the burst release observed using pure MCM-41 materials.®® Jambhrunkar et al. com-
pared the release of griseofulvin, a rather hydrophobic drug (aqueous solubility of 20 ng
ml1), from pure MCM-41 and methyl-functionalized MCM-41 materials. After 24 h at pH
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7.4, the quantity of drug eluted followed the ascending order: 20, 50 or 80 % for MCM-41-
CHs3, pure drug and MCM-41 materials. While the low performance of MCM-41-CH3 is at-
tributed to poor wetability of both hydrophobic drug and carrier, MCM-41 materials are
believed to offer good wetting properties and confinement effects resulting in a higher
release of the cargo.”’? Similarly, in the work of Ballas et al, the elution of alendronate from
amino-functionalized MCM-41 or SBA-15 materials was slower in comparison to their
pure counterparts. Moreover, it seems that the mechanism of elution was somewhat dif-
ferent: for the smaller pores and larger surface area i.e., MCM-41 materials, it was assu-
med that a surface-dependent phenomenon with a first-order-kinetic was at play while
for the larger pores and smaller surface area i.e., SBA-15 materials, a diffusion behaviour

with a zero-order kinetic or linear model fitted better.>”
From these results, two strategies can be extracted:

- For highly soluble drugs (BCS Class I and III): sustaining the drug release upon

electrostatic interaction with the surface might be the path to take.

- For poorly soluble drugs (BCS Class Il and IV): the amorphization effect allows the
increased release of these drugs in aqueous media in comparison to the free drug

crystals.

[1.3.b. Influence of the pore size

The influence of the pore size is still a major debate in the field of drug delivery and nu-
merous studies have been published in recent years. An early work has been published
by Horcajada et al. on the adsorption/desorption of ibuprofen. MCM-41 materials with
pore size ranging from 2.5 to 3.6 nm have been successfully synthesized using SDA of dif-
ferent carbonyl chain lengths i.e,, 8, 12, 16 carbon atoms. Their finding showed that with
3.6 nm pores, the release rate was 24 mg h-1 whereas with the 2.5 nm pores, it decreased
to 5 mg h-1. They concluded that smaller pores caused a denser packing of the adsorbed
ibuprofen which could reduce the velocity of the media in the pore channels and hence
the desorption of the drug.”! Although, it is a striking example demonstrating how the
pore size can regulate the drug desorption, the pore sizes compared were very close and
one might wonder if this trend is transposable to bigger pore size of 6-10 nm for instance.
Part of the answer was made available in the work of Ukmar et al. From their perspective,

the reason behind the effect of pore size on the release rate of the confined drug could be
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Figure 14: Scanning Electron Microscopy images of the different materials used for the loading of naproxen
and release profile at simulated intestinal fluid (pH 6.8) from the pure (a) and the amino-functionalized
matrices (b).”3 Copyright © 2013 Elsevier B. V.

the strength of the drug-surface attraction which influences the local fluxes in the porous
network.”? The pertinent example from Guo et al. would help in drawing clearer insights.
They systematically studied the release of naproxen from pure and amino-functionalized
MCM-41 and SBA-15 materials and the results are presented in Figure 14.73 Concerning
the pure materials, the elution was extremely fast, in 60 min all the drug was dissolved in
the media. It was observed that the rate was lower with the larger pores accounting for
the presence of a higher crystalline fraction of naproxen. In comparison, no matter which
pore size was used, all the amino-functionalized materials slowed down the drug dissolu-
tion considerably ie., after 10 h, 60 or 80 % release was quantified for MCM-41-NH> or

SBA-15-NHz: respectively. Since among the amino-functionalized materials, no diffraction
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peaks were observed in the diffractogram, it can be assumed that, here, the attraction
between the carboxylic group of the drug and the amine functions of the materials regu-
lated the diffusion. The interaction of the drug with the surface is stronger in the smaller
pores of MCM-41-NH; and the flow is slower, therefore the delivery time is longer. The
release from the MCM-41 nanoparticles was, in the two cases, faster than the bulk ana-
logue, as a consequence of shorter pore channels in nanosized particles. The release per-
formances were also discussed by Izquierdo-Barba et al. in terms of size of the molecules
adsorbed using ibuprofen (length 11 A, width 5 A) and erythromicin (length 11 A, width
16 A) as representatives of small and large size molecules respectively.” They used
spherical MCM-48-type nanoparticles with pore size of 3.6 nm and large pore materials
having also a cubic porous structure with pore size of 5.7 nm. In both cases, the release
was much faster from the larger pore materials than the smaller ones i.e., after 24 h 70
and 100 % of the drug was eluted from the small and large pores respectively. However,
due to stronger interactions with the silanol groups, the release of erythromicin was slo-
wer than ibuprofen i.e., 30 and 70 % eluted, after 24 h, from small and large pores mate-
rials respectively. Again, a different story is revealed when a functionality is added. In-
deed, areally low release was obtained upon anchoring hydrophobic carbon chains on the

large pore materials i.e., only 10 % release after 24 h.

These are examples showing how the release of a drug from OMS or MSNs can be regula-
ted mainly upon pore size and surface functionality. However, for oral delivery, due to the
hostile GIT environment, a gating mechanism based on biomacromolecules for instance is

required in order to transport the drug to the intestine.
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[II. Mesoporous silica nanoparticles in the oral route

I11.1. Barriers of the GIT - overview

In order to realize the challen-
ges that the MSNs will have to
face in the oral delivery route, a
brief overview of the composi-
tion of the GIT is presented. The
GIT i.e., the stomach, the small

intestine (duodenum, jejunum,

Barrier _ e ileum) and the colon, has two
Intestinal Mucus Tight Epithelial Sub
enzymes junctions cells epithelium

main functions: it processes the

Figure 15: Schematic representation of the barriers of the GIT.”> © 2016 The

Authors. Published by Elsevier B. V.

food and it defends the organs

from pathogens. Several bar-

riers in the GIT may hinder the transport of drugs or nanoparticles to the intestine and

further to the systemic circulation: the gastric and intestinal digestive environment, the

mucus and the epithelium, as represented in Figure 15.7°

[IL.1.a. The gastric and intestinal milieu

The stomacal fluid, having a pH of 1-3, is compo-
sed of a complex mixture of acid (HCI), salt
(NaCl, KCl) and enzymes (amylase, pepsin,
gastric and lingual lipase). The intestinal fluid
has a near neutral pH and also contains enzy-
mes such as proteases (trypsin, chymotrypsin),
lipases or amylases. Already at this early stage
of the oral administration, any organic sub-
stances or inorganic materials could be degra-
ded; particularly, proteins might be inactivated
through proteolysis. Conventional formulation
such as enteric coatings are used to pass this
first chemical barrier. Interestingly, a recent

study, presented in Figure 16, highlighted the
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resistance of MSNs exposed to simulated gastric fluid (SGF) (pH 1.6, 34.2 mM Nac(l, 0.08
mM sodium taurochlorate, 0.02 mM lecithine, 0.1 g I'1 pepsin and 2.2 M HCI) over a period

of 15 days. In contrast, progressive dissolution was noted in simulated intestinal fluid

(SIF).76

[11.1.b. The mucosal barrier

The mucus is a viscous hydrogel secreted by the goblet cells which cover the epithelium.
Itis divided into an outer loose layer and an inner, strongly adherent firm layer which are
mainly composed of large glycoproteins, the mucins, structured in stacked, parallel
sheets. These layers, of varying thicknesses e.g., 30-300 pm in the stomach, 150-400 um
in the small intestine and 30-280 um in the colon, would physically hinder the passage of
nanoparticles.”” Thus, a cut-off of 100-200 nm is stated; smaller nanoparticles have been
shown to penetrate more efficiently through the mucus layers. Besides, since the mucus
is negatively charged, neutral or negatively charged MSNs are supposed to perform better

as electrostatic interactions would be minimized.”8

[IL.1.c. The epithelium barrier

The intestinal epithelium is composed mainly of absorptive enterocytes. Dendritic im-
mune cells, microfold M-cells, goblet cells and enteroendocrine cells are less abundant.
After having successfully passed through the mucus, the MSNs or the therapeutic agents
would have to cross epithelial cells using either transcellular absorption or paracellular

absorption.

l.ci. Paracellular transport

The paracellular transport i.e., passage between the cells, refers to the modulation of the
proteins that form the tight junctions i.e., the claudins and the occludins. Originally, the
tight junctions regulate the flux of ions, water and small molecules but different permea-
tion enhancers such as chitosan, thiolated polymers or fatty acids, have been shown to
induce reversible leaks which enabled the passage of bigger molecules.””.7? Although this
approach is interesting, it has several limitations: (1) high concentrations of these perme-
ation enhancers might be toxic for the epithelial cells and (2) the surface area that re-
presents the tight junctions is highly negligible as compared to the overall epithelial

surface area.
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1.c.ii. Transcellular transport

Owing to the high surface area of the intestinal epithelium, the transcellular transport, or
transport through the cells, is most likely the mechanism at play for the permeation of
nanoparticles across the epithelium. The process of engulfment of nanoparticles or
macromolecules upon forming a membrane-bound vesicle is known under the general
term, endocytosis, which can be divided into two sub-categories: phagocytosis i.e., cell e-
ating large particles, and pinocytosis, cell drinking fluid. While phagocytosis is operated
only by macrophages, dendritic or M-cells, pinocytosis is not cell-specific and is further

divided into four main endocytosis pathways as depicted in Figure 17.80

Pinocytosis
Phagocytosis Macropinocytosis
(particle-dependent) (>1um)
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Figure 17: Mechanism of cell endocytosis.®’ Copyright © 2003, Springer Nature.

Briefly, macropinocytosis is similar to phagocytosis as the formation of an endocytic
vesicle derives from the binding of protusions to the membrane.?! Then, two types of car-

riers mediate the endocytosis:
- the clathrin-mediated endocytosis: receptor-ligand specific interactions.
- the caveolae-mediated endocytosis: non-specific interactions.

In addition, clathrin and caveolae-independant endocytosis exist but they remain poorly
understood. Nanoparticles are mainly transported with the clathrin-mediated endocyto-
sis although depending on their surface charge, hydrophilicity and size, different mecha-

nisms can be adopted.8°

[II.2.  Toxicological considerations

Because MSNs have been actively pursued as drug delivery systems, testing their biocom-

patibility in vitro is a crucial initial step that should lead to more advanced in vivo studies.
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Growing attention has been devoted towards these materials which has diversified their
chemical composition or their physical characteristics, thus systematic in vitro cytotoxic
tests are performed on a large variety of cell lines using different colorimetric assays ba-
sed on tetrazolium dyes MTT, WST or resazurin AlarmarBlue, for example. However, in
comparison, investigations on the behavior of MSNs in vivo are less conducted and this

might compromise or at best delay their clinical translation.

I1I.2.a. In vitro
2.a.. Effect of the size of the nanoparticles

One of the structural features of the MSNs that is suspected to play a major part in the
interaction with the cellular environment is the size of the nanoparticles. For example, in
a study conducted by Vallhov et al, cell viability, uptake and immune regulations of dend-
ritic human cells seemed to be less affected by the presence of the 270 nm MSNs than the
2.5 um particles.82 Among nanosized particles, Mou et al. confirmed that smaller nanopar-
ticlesi.e., 30 or 50 nm, were internalized in HeLa cells more than the 110 or 170 nm MSNs,
and at the concentration of 100 pug ml-1, none of the MSNs provoked cell damage.83 In the
work of Bouchoucha et al., phosphonate functionalized MCM-48-type MSNs of 45 and 150
nm particle size, were tested for their cytotoxic behavior against M21 (melanoma cells)
and HT1080 (fibroblastic sarcoma) cells. Innocuousness of both sizes of MSNs was shown,
up to 72 h, with concentrations up to 250 pg ml-1.25 The phosphonate groups might in-
crease the biocompatibility of the MSNs, as contradictory study, reported by Zhang et al,
showed that the 80 nm pure silica nanoparticles adhered more to the cells and therefore
reduced both the cell viability and proliferation more than the 500 nm ones.84 Recently,
Chou et al. published a study on the size- and charge-dependent cytotoxicity of MSNs
against macrophages and lung epithelial cells which contradicted earlier studies.8> They
concluded that only larger (> 100 nm) and positively charged MSNs generated a cytotoxic
effect owing to a higher cellular uptake of the larger MSNs as can be observed in Figure

18.

2.a.ii. Effect of the surface functionalities

Not only can the functionalities anchored at the surface of the MSNs be implemented to
control the release through tailored interactions with the drug, they can also modulate

the biocompatibility or cell uptake, notably by changing the charges of the MSNs. Starting

30



Chapter 2 - State-of-the-art

+MSN50 +MSN50
120 Macrophage Hl o ugml_::
< B2 25u9mL
S 100 - B sougmt’
= B 100 ugml’
9 80 Bl 200ugml’
E [ 500 ngmL’
60 — 1
= B 1000 pgmL
2
= 40—
3
S 20 +MSN100 +MSN100
0
Charge - * # s
Size (nm) 100 50 100 250
BEAS-2B - 120
£
- 100 s
=3
-8 W
£ +MSN250 +MSN250
-6 2 .
2
40 =
o
©
—20 S
Lo
Charge - + + +
Size (nm) 100 50 100 250

Figure 18: (a) Cell viability of the macrophages and the lung epithelial cells (BEAS-2B) exposed to MSNs of different
sizes, charges and concentrations for 24h and (b) Confocal microscopy observation of the cellular distribution of the
different FITC-labeled MSNs.%* Copyright © 2017, American Chemical Society.

from simple functionalization ie., grafting of amine (MSN-NH:) or carboxylic groups
(MSN-COOH), Braun et al. concluded that the cytotoxicty followed the order MSN-COOH <
MSN < MSN-NH; implying that positively charged MSNs lead to higher cell death than the
negatively charged ones. Nonetheless, all types of MSNs were shown to be biocompatible
up to a concentration of 100 pug ml-1.86 According to a pionnering study conducted by Slo-
wing et al.,, lower doses of positively charged MSNs were needed to obtain 50 % uptake
by HeLa cancer cells. Besides, while negatively charged MSNs could escape the endosomes
within 6 h, the positively charged ones remained trapped, which could result in higher cell
damage.?” Interestingly, the mechanism of engulfment varied from functionalities to func-
tionalities, the MSNs with a folate group being internalized via the folicacid (FA) receptors
expressed on the HeLa cells for example. Cytocompatibilities of several functionalities i.e.,
PEG, polyethyleneimine (PEI) or FA (alone or combined), grafted on MSNs were tested on
Caco-2 cells in a recent study conducted by Desai et al.88 None of the MSNs, pure or func-
tionalized, showed alarming cytotoxicity at concentrations lower than 50 pug ml-1. How-

ever, at 100 ug ml1, all functionalized MSNs were more cytotoxic than the pure MSNs, as
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shown in Figure 19. This can be correlated to the ability of the PEG-PEI or FA-PEG-PEI

groups to penetrate the cellular intestinal membrane more efficiently and these groups

ultimately helped in delivering the drug intracellularly.
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Figure 19: Viability of Caco-2 cells measured by WST-1 assay after 48h incubation with the different
MSNs in the concentration range 10 - 100 ug ml-! (a) and Schematic representation of the uptake of
the different MSNs by the intestinal cells (derived from fluorescent confocal images) and the conse-
quences on the intracellular drug delivery.®® Copyright © 2016 Desai et al. This work is published
and licensed by Dove Medical Press Limited.

Even though, several results agreed on the therapeutic dose of 100 pg ml-1, contradictory
findings regarding the effect of the size, charge and functionalities of the MSNs are often
encountered. In fact, many other features have been suspected to modulate the cytotoxi-
city such as the particle morphology, the pore size and order of the porous structure.8?
One strategy to overcome toxicity limitations resides in the adsorption of proteins present
in the serum. A study reported by Liu et al. showed that in the absence of proteins i.e.,
serum-free media, the bare MSNs strongly adhered to the cell membrane and further
caused cell damage. Contrary, in serum-containing media, the formation of the protein
corona around the nanoparticles shields the direct contact of the MSNs with the cells and
consequently reduced the cytotoxicity.?%21.92 Although in vitro assays are usually used to
predict in vivo behavior of drugs or MSNs, it has to be kept in mind that what seems to be

safe in vitro is not necesseraly in vivo and vice et versa.

I11.2.b. In vivo

Regardless of the mode of administration, once the MSNs reach the systemic circulation,
they are distributed among the different tissues in proportion to the organ blood flow
rates; they need to (1) reach their therapeutic target and (2) be excreted efficiently. Ac-

cording to the literature, as their particle size exceed the 5.5 nm threshold of the renal
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clearance, they are likely to be taken up by the liver and the spleen through the reticulo-
endothelial system (RES). Acute or chronic toxicity in these tissues can be generated from
possible accumulation and absence of degradation.”® Here again, the physico-chemical
properties of the MSNs govern their biodistribution and clearance in vivo.°* Recently,
Dogra et al. implemented an imaging and mathematical model to elucidate the biodistri-
bution of PEG-modified MSNs having various particle sizes and additional functionalities:
PEI, Quaternary ammonium silane (QA) or Trimethylsilyl (TMS), as illustrated in Figure
20.%5 From their findings, smaller particles had enhanced systemic bioavailability. Besi-
des, the TMS (neutral charge) and QA (positive charge) functions were particularly inte-
resting for their low hepatic and splenic accumulation. Notably, TMS-MSNs had higher

circulation times and would be beneficial for tumor targeting for instance. These findings
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Figure 20: (a) Functionalities and schematic representation of the resulting
MSNs used with respective TEM images, (b) Body quantitative biodistribution
of MSNs following i.v. injection; (c) SPECT/CT images showing the spatio-tem-
poral evolution of TMS-MSNs of various sizes after i.v. injection in rats.”” Co-
pyright © 2018, Springer Nature.
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are of great relevance to support the progression of silica materials towards clinical trials.
In this regard, the first-in-human trial has been granted by the FDA to Wiesner and co-
workers for position emission tomography (PET) and optical imaging of silica nanopar-
ticles of 5 melanoma patients. A rapid excretion was observed mainly operated by the

kidneys and clearance half-time lower than the liposomes were reported.®®
[I.3.  pH responsive formulation

To reach the systemic circulation, the therapeutic agents have to be available in the intes-
tine, where concomitant solubility and permeability would determine the efficacy of the
administrated dose. To do so, the drug needs to be protected in the stomach and be relea-

sed in the intestine upon exposure to external stimuli which include enzyme and pH.

I11.3.a. Proteins

3.a.. B-lactoglobulin

B-lactoglobulin is a low cost
whey protein dotted with se-
veral positive lysine groups

which can be modified to nega-

Zeta potential (mV)

tive carboxyl groups upon succi-

nylation. Owing to this simple

chemical modification, Caillard

et al. have revealed a major de-

Figure 21: Zeta potential of B-lactoglobulin over the pH range 3 - 8 as a crease in the SOIUblhty of succi-

function of the succinylation degree (diamond 0%, square 50%, triangle S .
100%).” Copyright © 2010 Elsevier Ltd. nylated B-lactoglobulin in acidic

pH and increased swelling pro-
perties at pH higher than 4.5, as a result of the change in charge density or zeta potential
(ZP), as shown in Figure 21.°7 In addition to low cytotoxicity, the dissolution of riboflavin
was low at SGF, even in the presence of pepsin, and within 1h at SIF, the totality of the
vitamin was dissolved. These results clearly highlighted the potential of this protein as an
oral functional excipient. Guillet-Nicolas et al. took advantage of the pH-gating effect of
this protein and conjugated it with MSNs to obtain a system with enhanced colloidal sta-

bility, low cytotoxicity and pH-triggered delivery of ibuprofen.”® The succinylated -
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lactoglobulin was covalently coupled to the amine groups already grafted on the surface
of MCM-48-type nanoparticles via the intermediate of 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride, better known as EDC coupling agent. The release of ibu-
profen from non-conjugated MSNs reached 40 and 70 % within 8 h at pH 1.2 and 7.4,
respectively. However, upon conjugation with the protein, the release stayed really low
until 24 h at pH 1.2, never reaching even 10 %, while attaining a plateau at approximately
60 % after 8 h at pH 7.4. The conjugated system was proven cytocompatible up to 500 pg

ml-1using HEK 293 human kidney cells.

3.a.i. Soy protein isolates

Caillard et al. also reported the great potential of succinylated soy protein isolates as exci-
pient for oral transport to the small intestine.?® Similarly to (3-lactoglobulin, proteins iso-
lated from soy bean are naturally occurring food component that can be degraded by di-
gestive enzymes making them advantageous cheap materials. Here again, upon succinyla-
tion, the charge density decreased from 4.5 to 3.5, which in turn decreased the solubility
at pH below 4.5, and increased it at pH higher than 4.5. As a consequence, the release of
both highly and poorly soluble model molecules from the soy protein tablet was delayed
in SGF and accelerated in SIF. Popat et al. also adopted the conjugation of amino-functio-
nalized MCM-48-type nanoparticles with succinylated soy protein isolates with the aim to
protect the pro-drug sulfasalazine from acidic and enzymatic degradation.1%% The resul-
ting gating system successfully suppressed the release at SGF in the presence of the di-
gestive enzyme pepsin and allowed a sustained delivery at SIF in the presence of pancre-
atin. Furthermore, being a pro-drug, 95 % of sulfasalazine was metabolized in the simu-
lated bacterial media which contained the enzyme azo-reductase. More recently, the same
strategy was adopted by Nguyen et al. for the release of prednisolone in the colon. e-po-
lylysine was covalently bound to the amine groups via EDC to afford pH-responsive MCM-

48-type MSNs.101

111.3.b. Lipids

In the past decades, lipids have been extensively used in the field of drug delivery, given
their capability to micellize into liposome vesicles and to permeate through the looklike
lipidic bilayer of the cellular membranes. However, they suffer from low stability and low

drug loading capacity. These disadvantages have been tackled through their combination
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with MSNs, which act as a robust reservoir of a high drug loading capacity. In addition, the
coating of a layer of lipids on the external surface of MSNs has improved the biocompati-
bility of the inorganic materials resulting in a winning situation. To obtain such hybrid
materials, Mudakavi et al. separately synthesized MCM-41 spheres and liposomes made
of the phospholipid DPPC : cholesterol in a 70:30 ratio.192 Once mixed together, the lipo-
somes fusion caused their deposition around the MCM-41-type nanoparticles with a shell
thickness of approximately 5 nm. The polar surface of the MSNs can definitely be a source
of multiple interactions with the hydrophilic head of the phospholipids. The as-synthesi-
zed lipid-coated MCM-41 nanoparticles were further filled with the antibiotic ciprofloxa-

cin, and the in vitro release and bacterial activity

against Salmonella were tested. Because of the increa-
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sed solubility of ciprofloxacin in acid, almost 70 % of
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“w=== the cargo was eluted after 2 h at pH 2.5 (Figure 22). Yet,
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the pH is more neutral, the release at pH 7.4 was almost
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Figure 22: Release of ciprofloxacin from  crease in log P and a remarkably enhanced permeabi-
bare or lipid-coated MSNs (L-MSN) at pH

2.5 and 7.4; (b) Viability of RAW 264.7 cells ity across Caco-2 monolayer owing to the presence of
treated with different concentrations of

MSNs or L-MSN compared to untreated — phospholipid and an improved dissolution rate due to
cells.’”? Reproduced with permission from

combinations of phospholipids and MSNs showed a de-

The Royal Society of Chemistry. the amorphization effect occurring in the nanopores of
OMS.103
[1L.3.c. Polysaccharides

Polysaccharides have also been associated to MSNs and their ability to regulate the drug
release was recently investigated. For example, Sun et al coated chitosan on MSNs.104 [n
an acidic aqueous solution, positively charged amine groups of chitosan and the nega-
tively charged silica surface self-assembled through electrostatic attraction. While a burst

release of the poorly soluble drug, carvediol, was clearly observed for non-coated MSNs,
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the release from the chitosan-coated MSNs was rather progressive over a period of 24h,
even though 40 % was dissolved after 2h at SGF. Interestingly, after intragastric administ-
ration, the uncoated MSNs showed around 2-fold increased Cmax and AUCo-48n in compari-
son to the commercial formulation of carvediol. However, lower bioavailability was en-
countered for the chitosan-coated MSNs due to extensive metabolization of the drug in
vivo. Also using layer-by-layer self-assembly, Hu et al. combined MSNs with two natural
macromolecules of opposite charges at pH 5, chitosan and acacia.1%> A comparison of the
coated MSNs with a commercial tablet showed similar release performances of felodipine.
The pH-responsiveness of this combination might not be adequate for oral delivery as
swelling of the coating was reported at pH 1.2. Diversely, Popat et al. covalently attached
chitosan to the phosphonate groups grafted on the surface of MCM-41-type MSNs. MCM-
41 nanoparticles were functionalized with 3-trihydroxysilylpropyl methylphosphonate
prior to the activation of the terminal phosphonate groups with EDC, which was further
substituted by chitosan. After the loading of ibuprofen, the release in different pH was
tested and the ability of chitosan to refrain/allow the release at pH 5/pH 7.4 was confir-

med.106

Aiming at the oral delivery of insulin, Sun et al. grafted MSNs with a pH sensitive shell
made of dextran-maleic acid (Dex-Ma) and further modified the materials with a glucose-
sensitive compound i.e., 3-amidophenylboronic acid (APBA) as depicted in Figure 23a.197
The results showed that the release of insulin from this formulation stagnated at around
20% at pH 1.2 and 7.4 over a period of 25 h. However, in the presence of 5 mg ml! of
glucose, 80 % of insulin was made available over a period of 5 h. Finally, the hypoglycemic
effect of different formulations was tested on diabetic rats and the results showed out-
standing performances of the Dex-Ma coated MSNs in comparison to the free insulin. In-
deed, after subcutaneous administration of Dex-Ma MSNs, the blood glucose decreased by
40 % in 30 min and the level stayed stable until 7 h as opposed to the free insulin which
only permitted to lower it by 20 % after 1.5 h and increased back to 100 % until 7 h. The
Figure 23c shows the interaction of the coated MSNs with the intestinal villi of the diabetic

rats.
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Figure 23: (a) Scheme of the functionalization of MSNs to afford pH- and glucose-
sensitive shell; (b) TEM image of the coated MSNs; (c) Confocal microscopy image
of the intestinal villi of rats invaded by FITC-coupled-insulin loaded into MSNs.'"”
Reprinted with permission from The Royal Society of Chemistry.

Using porous silicon materials (PSi), Shresta et al. designed an oral insulin delivery plat-
form with chitosan modified either with L-cysteine or oligoarginine groups. Although the
release of insulin in SGF was effectively refrained, only 40 % was eluted at SIF over a pe-

riod of 6 h. Besides, as shown in the Figure 24, the proposed system failed in reaching sub-

cutaneous pharmacokinetic levels.108
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Figure 24: (a) In vitro release of insulin from unmodified PSi (UnPSi), unmodified-chitosan-grafied PSi (CSUn),
oligoarginine modified chitosan PSi (CPP-CSUn) and cysteine modified chitosan PSi (CYS-CSUn); (b) Concent-
ration of insulin in the serum of type 1 diabetic rats following sub-cutaneous administration, oral insulin solution,
CPP-CSUn or CYS-CSUn."% Copyright © 2016, Wiley-VCH Verlag GmBH & Co. KGaA, Weinheim.
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[V. Summary

The principle of synthesis and functionalisation of OMS and MSNs as well as their
resulting porous features have been presented. Unlike OMS or MCM-48-type MSNs
whose synthesis mechanisms are well established, the formation of DMSNs is still
debated and litterature is furnished with multitudes of synthesis. Nevertheless, o-
wing to their tunable pore sizes and narrow particle size distribution, DMSNs have
paved the way to protein delivery nanocarriers (Chapter 2 - Part . Mesoporous

silica nanoparticles).

Apart from the encapsulation method and the amount of drug loaded, the pore size
and the functionalities of the nanocarriers hosting the drug influence the
drug/surface interaction, the degree of amorphization and by extension the re-
lease of the drug in aqueous solution. Smaller pore size correlates generally with
lower release rate due to restricted diffusion as compared to larger pore sizes (>

7nm) (Chapter 2 - Part II. Encapsulation and release of therapeutic agents).

The challenge of oral delivery resides in bridging over the GIT barriers while sa-
tisfying toxocity safety thresholds in vitro/ in vivo. To adress this issue, the design
of pH responsive nanocarriers for oral delivery has been expanding but there is
still room for deeper understanding on the nanocarriers, the loading/release of the
therapeutic agents and the effect of the nanocarriers on biological processes

(Chapter 2 - Part III. Mesoporous silica nanoparticles in the oral delivery route).
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[. Gas physisorption

The physical adsorption of gas/adsorptive at cryogenic temperature, typically Nz at - 196

°C (77.4 K), onto an absorbent is a powerful technique widely used to characterize meso-

porous silica materials in terms of specific surface area, PSD and the micropore and/or

mesopore volumes. Such structural features are extracted from the adsorption isotherms

which represent the volume of N> molecules adsorbed as a function of the relative pres-

sure P/Po, Po being the saturated vapor pressure of the adsorptive. These isotherms are

constructed point-by-point as follows: calibrated doses of N; are admitted to a measure-

ment cell containing the absorbent at constant cryogenic temperature of -196 °C. While
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Figure 25: Classification of the different isotherms obtained from

physisorption analysis.

109

the gas comes into contact with the
solid through weak Van der Waals
and intermolecular repulsion forces,
adsorption occurs until equilibrium is
reached and the amount of gas adsor-
bed can be back calculated from the
pressure variation in the cell after the
administration of the successive do-
ses i.e., the adsorbed gas does not ac-
count for the pressure anymore.199 As
depicted in Figure 25, various type of
isotherms can be obtained, depen-
ding on the porecharacteristics and
chemical nature of the adsorbent. Ac-
cording to the IUPAC classification,
type la and Ib refer to ultramicro-
porous (pore width below 1 nm) and
supermicroporous  (pore  width
between 1 and 2.5 nm) materials,
respectively, while type Il and III cor-

respond to either non porous or
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macroporous materials. In this thesis, only mesoporous materials have been synthesized
which are represented by the type IV and V isotherms, the later only occurring for weak
adsorbate/adsorbent interactions. The type VI is encountered in the case of multi-layer
adsorption on highly uniform non-porous surface. As it can be seen, the type [V is further
sub-categorized in type [Va or type IVb, depending on the presence/absence of an hyste-
resis. A common characteristic of type [Va and b is the steep increase of volume adsorbed
at P/Po > 0.2. This originates from the fact that in mesopores, once a multilayer of N;
molecules have been adsorbed on the surface (situation B, Figure 26), the gas condenses
to a liquid-like state (situation C). The first order transition occurs at relative pressures
below the saturation pressure of the adsorptive due to the shift of the confined fluid in the
nanopores.!1% Once the pores are filled, a plateau in the volume adsorbed is attained (si-
tuation D) if no other larger pores are present and if the external surface of the materials
is negligible as compared to the one present in the pores. Then, the desorption process
commences. Either the desorption will happen reversibly and the type IV(b) is observed,
as it is the case for MCM-41 and MCM-48. Or a hysteresis appears due to a delay in the
capillary condensation (situation E), as is the case in some DMSNs and more generally in

SBA-15 type materials (OMS with a 2D hexagonal network of mesopores of 7-8 nm). This
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Figure 26: Type IV(a) isotherm with the schematic representation of the
different steps of gas adsorption in a single mesopore: multilayer for-
mation, pore condensation and hysteresis.'!”

42



Chapter 3 - Experimental techniques

phenomenon is influenced by the pore size, the type of adsorptive and the temperature.
Typically, for materials exhibiting a pore size in the range 2 - 4 nm, the physisorption of
N2 at 77 K will not reveal hysteresis loop whereas for materials with pore size higher than

4 nm, hysteresis loops will be displayed with the same measurement condition.!!!

II. Electron microscopy

In general, electron microscopy techniques such as Scanning or Transmission Electron
Microscopy (SEM or TEM) allow the visualization of object in the nanometer range. In
TEM, an electron beam is generated and passes through a set of condenser, objective and
projection electromagnetic lenses to align the electrons on the optical trajectory. The
electron beam bombard the sample and only the transmitted electrons constitute the sig-
nal resulting from the interaction electron/sample which is finally projected on a flu-
orescent screen. A representation of the device and the interaction of the electron with
the matter is shown in Figure 27. Since it is a projection of the object, the sample has to
be very thin, in order for the electrons to travel through it. Otherwise, SEM is more adap-

ted for thicker samples. In SEM, the electron beam scan the surface of the sample and
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Figure 27: Overview of the interaction of electron with the sample (a) and the TEM device (b).3
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contrary to TEM, only the backscattered and secondary electrons resulting from the in-

teraction electron/sample are collected and form the image of the sample.112113

In this thesis, TEM has been used to characterize the different MSNs synthesized in terms
of morphology, size, porosity, polydispersity of the nanoparticles. Images of drug particles
and drug-loaded MSNs have been recorded using SEM to evidence the encapsulation suc-

cess.

[II. Dynamic light scattering

Dynamic Light Scattering (DLS) is a useful tool for measuring the hydrodynamic diame-
ters of particles in suspension in the size range 1-10000 nm and for detecting the agglo-
merations in solution. When nanoparticles are dispersed in a liquid, they isotropically
move due to the bombardment of the solvent molecules, as it is defined by Brownian mo-
tion. The velocity of this motion, defined as the translational diffusion coefficient noted D,
allows the retrieval of the hydrodynamic diameter of the nanoparticles thanks to the

Stokes-Einstein equation given below:

Eq. 4:

d(H) =

3nnD

Where d(H) is the hydrodynamic diameter of the sample, k the Boltzmann constant, T the
temperature and 7 the viscosity. As it can be understood from the Eq. 4, the Brownian
motion mainly depends on the size of the nanoparticles, faster motion being observed for

smaller nanoparticles.

During a measurement, an incident beam generated by a laser passes through a cuvette
containing the suspension which will scatter the light in all directions but only the back-
scattered light is detected at 173°. The fluctuation of the intensity of the scattered light
over time is measured and translated into a correlation function. Finally, the size distri-
butions are derived from this correlation function using several algorithms. Following si-
milar principles, the zeta potential or the surface charge of the nanoparticles in suspen-

sion of varying pH can be determined.
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In this thesis, DLS has been used to obtain information on the size of the pure or functio-

nalized MSNs in aqueous solution and the quality of the colloidal suspension.

IV. Zeta potential

ZP refers to the electrokinetic potential at the slipping plane of particles in solution. In a
dispersant of a certain pH, ions accumulate at

Electrophoresis the surface of the particles and create an

-ve +ve  electric double layer (EDL) made of a Stern

and a diffuse layer. When submitted to an
electric field, the particles move towards the

opposite electrodes with the slipping plane

Electrode

secde  being the interface particles/dispersant. Prac-

Slippingplane (;)

tically, the electrophoretic mobility of the par-

Particle surface
(bo) Stern layer

Figure 28: Schematic representation of the EDL adsor- ticles is determined through the shift of fre-
bed on a negatively charged particle during electropho-
resis.!™ © 2016, Elsevier B. V. quency between the scattered and the refe-

rence beam.114

In this thesis, the ZP measurements permitted to gain information on the surface charges
of the MSNs, before and after amine-, methyl- and thiol-functionalization. A titrator coup-

led to the DLS instrumentation was used to precisely control the pH over the range 3 - 7.4.

V. Powder X-ray diffraction analysis

PXRD is powerful technique to precisely characterize the order at low angle and crystal-

linity, structure properties and phase composition of powder samples at wide angles.

First, monochromatic X-Rays are generated through the collision of an accelerated elect-
ron beam with a metal target i.e., copper in most cases (Cu Ka), which releases excess
energy as X-rays during the transition of electrons from an outer orbital to the 1s orbital.
These X-rays are then diffracted by the atoms of the materials, atoms that are organized
in different plans as defined by the Miller indices hkl. Only reflections satisfying the Bragg
law (Eqg. 5) constitute the diffractogram since the diffracted X-Ray beams are in phase and

interfere constructively.
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Eq. 5:
n/’{ = 2 dhlein 9

Where n is the number of diffraction, 4 is the wavelength of the incident X-Ray beam, d is
the reflecting interplanar spacing and @is the incident Bragg angle. Therefore, the resul-
ting diffractogram displays the intensity of all the reflection peaks, if any, as a function of
the Bragg angle. As it can be deducted from the Eq. 5, wider 26 corresponds to smaller
interplanar distance as is the case for crystalline structure. In the particular case of OMS,
rather than the atomic order, it is the periodic arrangement of the pores that determine
the reflections in the diffractogram. As the distance between pores is more important than
in crystals, lower 26 in the range 0.5 - 8 ° are investigated to characterize the pore net-

work of OMS.

In this thesis, low-angle PXRD was conducted on MCM-48-type MSNs since the most in-
tense reflections corresponding to the plans 211, 220, 420, 332 confirm the 3-D Ia3d
cubic mestructure. Because of the non-ordered porous network of DMSNs, no PXRD was
recorded. Wide-angle PXRD was also used to obtain insights into the crystallinity of the

therapeutic agents themselves and after confinement in the pore of different MSNs.

VI. Thermogravimetry and differential scanning calorimetry

Thermogravimetry and differential scanning calorimetry (TG-DSC) are coupled techni-
ques that measure the mass loss of a sample upon heating while simultaneously recording
the thermic processes occurring during possible physical state transitions. As the tempe-
rature ranges typically from 40 up to 1000 °C, the organic matter is decomposed whereas
inorganic materials, such as silica, are stable under such thermal treatments. Therefore,
quantification of organic molecules adsorbed or grafted can be precisely determined and
enthalpies of physical state transitions like fusion, crystallization or evaporation can be

extracted.

In this thesis, TG-DSC has been particularly useful in calculating the amount of organosila-
nes grafted on the surface of MSNs or the amount of therapeutic agents loaded into the
pore of MSNs. The differences in the DSC profiles of confined and non-confined drugs have

also been encountered and discussed.
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VII.Solid-state Nuclear Magnetic Resonance spectroscopy

Solid-State NMR spectroscopy is used to determine the atomic chemical environment
within solid materials. When submitted to an external magnetic field noted By, the nuclear
spin I (with I # 0) of an atom rotates around the axis of the magnetic field at the Larmor
frequency. Due to the Zeeman effect, the 2] + 1 energy levels will be separated by AE

which depends on By according to the Eq. 6 given below:
Eq. 6:

_vhBy _ By

AE
2T I

With y the magnetogyric ratio which depends on the magnetic moment of the nucleus p,
h the Planck constant. In NMR spectroscopy, the transitions between these levels are ob-
served and result from the excitation of the spin by second magnetic field B (RF impul-
sion), perpendicular to Bo. After the excitation, the return to equilibrium, characteristic of
the spin population is transformed into a Free Induction Decay (FID) signal and processed

by the Fourier transformation.

Due to the fast movement of molecules in a liquid, the isotropic chemical shift is observed.
In a solid, the presence of additional anisotropic interactions such as the dipolar coupling
and the chemical shift anisotropy results in broadening the resonance peaks. To minimize
these interactions, the sample is rotated at high frequency (10 kHz) and at the Magic Angle
Spinning (MAS) 8 = 54,7 ° relative to the applied magnetic field. In addition, the transfer
of polarization via the dipolar coupling from an abundant nucleus typically H, to a nu-
cleus with a poor natural abundance such as 13C or 2°Si, is commonly operated to increase

the sensibility, this technique is named the cross-polarization (CP).

In this thesis, Solid-state NMR spectroscopy was used to confirm the functionalization of
different organosilanes. When an organic molecule is chemically anchored at the surface
of silica materials, characteristic resonance peaks appear in the 13C CP NMR spectrum and
in the 2°Si spectrum. For example, in the 2°Si NMR spectrum, Q" species represent the si-
licon atoms where n (1 < n < 4) is the number of neighboring silicon atom and M», D" or

Tn species refers to the Si-C bonds as illustrated in Figure 29.115
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Figure 29: Schematic illustration of the different species obser-
ved in *°Si NMR spectra.'’’

VIIL. Ultraviolet-visible spectroscopy

The ultraviolet-visible (UV-Vis) spectroscopy is a technique widely used for the quality
and quantitative analysis of molecules in solution. It relies on several electronic transiti-
ons from the ground to the excited state originating from the absorption of the light in the

UV-Vis region (200 - 800 nm). The difference of intensity between the reference beam Iy

. . . . 1
and the transmitted beam I is measured and either the transmittance T = —or the absor-
0

bance A = —log(T) are expressed as a function of the wavelength A. Since according to
the Beer-Lambert law, the absorbance is proportional to the number of molecules in so-

lution, the concentration can be retrieved as follow:
Eq. 7:
A=Ecx

With € the molar absorption coefficient, c the concentration of the molecule, and x the

length of the cuvette.

In this thesis, the UV-Vis spectroscopy has been used to quantify the therapeutic agents
such as resveratrol or omeprazole in aqueous solution of various pH. Since this technique
is not the most adequate one for insulin quantification, an ultra-high performance liquid

chromatography setup coupled with a mass spectrometer (UHPLC-MS) was used.
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[. Resveratrol-encapsulated mesoporous silica nanoparticles

This work was accepted for publication in the journal Molecular Pharmaceutics on the 2nd

November 2017.

As a first author, I have synthesized and characterized the 150 nm MCM-48-type MSNs in
the laboratory of Prof. Freddy Kleitz at Université Laval (Québec, Canada). [ have incorpo-
rated resveratrol in all the MSNs, characterized the resveratrol-encapsulated samples and
carried out the release tests; this has been done in the laboratory of Dr. Amirali Popat at
the University of Queensland (Brisbane, Australia). I have interpreted the data, created
the figures, written the initial manuscript and corrected it according to the co-authors

suggestions.

Dr. Justyna Florek synthesized the pore-swelled MCM-48-type MSNs and Dr. Meryem
Bouchoucha synthesized and characterized the 90 and the 300 nm MCM-48-type MSNs.
(Université Laval, Québec, Canada). Dr. Siddharth Jambhrunkar provided additional ther-
mogravimetric analyses and solubility tests, helped me in the design of the solubility and
release tests and Kuan Yau Wong performed the anti-inflammatory and the cellular
membrane permeability tests under the guidance of Dr. Amirali Popat (The University of
Queensland, Brisbane, Australia). Dr. Amirali Popat and Prof. Freddy Kleitz have both su-

pervised my work and participated in editing the manuscript.
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nanoparticles has been extensively used in pharmaceutical industries to overcome 5 ‘ L LT
the poor aqueous solubility of potential therapeutic agents. Here, we report the J
encapsulation and release of resveratrol, a promising anti-inflammatory and -

anticancer nutraceutical, from the mesopores of MCM-48-type silica nanospheres -

ABSTRACT: Sizing drugs down to the submicron and nanometer scale using 6:8

of various particle sizes, i.e., 90, 150, and 300 nm. Furthermore, the influence of
the carrier pore size on drug solubility was also evaluated (3.5 vs 7 nm). From our
results, it is observed that the saturated solubility could depend not only on the
pore size but also on the particle size of the nanocarriers. Moreover, with our
resveratrol-mesoporous silica nanoparticles formulation, we have observed that :
the permeability of resveratrol encapsulated in MCM-48 nanoparticles (90 nm) s el
can be enhanced compared to a resveratrol suspension when tested through the Solubiity  Disolution : __Permeability
human colon carcinoma cell monolayer (Caco-2). Using an in vitro NF-kB assay,
we showed that resveratrol encapsulation did not alter its bioactivity and, at lower
concentration, i.e., 5 g mL~’, resveratrol encapsulation provided higher anti-inflammatory activity compared to both resveratrol
suspension and solution. All combined, the reported results clearly highlight the potential of small size mesoporous silica
nanoparticles as next generation nanocarriers for hydrophobic drugs and nutraceuticals.
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H INTRODUCTION and technology transfer scale. For instance, hydrophobic
molecules, such as curcumin,’ griseofulvin,é‘7 resveratrol,®’
and telmisartan,'® have tremendous therapeutic potential for
many cancers, fungal, inflammatory, and cardiovascular
diseases, however their pharmaceutical developments are still
hampered by their limited oral bioavailability.'" In particular,
resveratrol, a nontoxic natural product found in grapes, peanuts,
and red wine, is a good example of a promising broad-spectrum

Recent efforts have been oriented toward the oral admin-
istration of therapeutic agents rather than the invasive
intravenous pathways due to ease of administration and
improved patient compliance. However, more than 40% of
new chemical entities coming out of high throughput screening
often have poor solubility in aqueous environment, poor
stability, and low bioavailability." The journey of an orally

delivered drug in our body starts with its absorption in the nutraceutical with various positive health effects (antioxidant,
gastrointestinal tract (GIT) prior to its distribution to targeted anti-inflammatory, and most importantly, anticancer activities),
tissues. At this early stage, many factors influence the drug which is however hampered by poor SOIUbﬂi(th low
performance, for instance, aqueous solubility throughout GIT, bioavailability, and poor pharmacokinetic properties.””'* Such
chemical stability in contact with enzymes present in the lumen, drawbacks may be circumvented through the encapsulation of
and drug permeability through the intestinal epithelial
membrane.” * Nanocarriers have somewhat tackled the Received: June 23, 2017
problems of drug hydrophobicity, solubility, and crystallization. Revised:  October 31, 2017
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the drugs into smart nanomaterials capable to reduce both
hydrophobicity and stability issues across the GIT. The
solubility of a drug depends upon several factors, notably
particle size of the compound where smaller drug particle size
provides large surface area per volume leading to higher
solubility.">'* Thus, one can expect that encapsulation of drugs
into nanopores could provide a nanosized environment and
keep the drug into amorphous state, which further positively
affects the solubility.'™'® Simultaneous effects of encapsulation
include the decrease of the drug particle size from the bulk
down to the nanometer range and the change of the solid state
from crystalline to amorphous through the interaction with the
surface of the nanopores. This ;)henomenon has been reported
using polymer nanoparticles,"” polymer nanocapsules,™® lip-
osomes,'”*° silicon microparticles,”' soy protein isolate,”> and
mesoporous silica nanoparticles (MSNs).>*~** In  particular,
improving the aqueous solubility of a potential drug through
the tuning of the physicochemical properties of the MSNs is of
growing interest and this has been widely reported in terms of
surface functionalization,” geometry, and order of the
mesoporous network,” ™" but scarcely in terms of particle
size.>* Yet, reducing the size of the nanoparticles has been the
focus in the field over the past few years. Especially, since
smaller particles are expected to cross the cellular membranes
more efficiently than their bigger counterparts,® it would be
relevant to improve both membrane permeation and solubility
by simply reducing the size of the nanocarriers. Therefore, to
explore further on this topic and gain better insights into
particle and pore size effects on oral drug delivery, MSNs are
materials of choice considering their biocompatibility, stability,
loading capacity,”*** and the multitude of possibilities to adjust
their physicochemical properties, i.e., size of the spheres, size of
the pores,™ their colloidal stability, and ng—responsiveness
through various modes of functionalization.”” >’

In the present contribution, we used MCM-48 MSNs with
tailor-made particle sizes, i.e., 90, 150, and 300 nm, and with a
pore size of 3.5 nm, to encapsulate 20% w/w of resveratrol used
here as a model drug, and compare its solubility. As a control,
we have also included in this study, silica nanoparticles with a
larger pore size, i.e,, 7 nm with a fixed particle size, i.e,, 150 nm,
to account for the pore size effect on the solubility of the drug.
Dissolution rate of the free resveratrol was also compared to the
encapsulated drug using the three particle sizes. To assess the
repercussions of drug encapsulation on permeability, we have
studied transportation of our optimized formulation across
Caco-2 monolayer cells. Moreover, the biological stability and
anti-inflammatory activity of resveratrol were also tested using
lipopolysaccharide (LPS)-dependent NF-xB activation assay by
measuring green fluorescent protein (GFP) expression using
RAW 264.7 NF-kB reporter cells. Finally, cytotoxicity of the
pristine MCM-48(90 nm) nanoparticles is also reported.

B EXPERIMENTAL SECTION

Chemicals and Reagents. CTAB (cetyltrimethylammo-
nium bromide, 99%), Pluronic F127 (EO,(,PO,,EO,os), TEOS
(tetraethylorthosilicate, 99%), TWEEN20, and the dialysis
cellulose tubing membrane were purchased from Sigma-
Aldrich. TMB (1,3,5-trimethylbenzene, 99%) was obtained
from Alfa-Aesar (USA). Trans-resveratrol (99%) was obtained
from MegaResveratrol, USA.

Synthesis of the MSNs. MCM-48-type nanoparticles with
controlled particle size were sznthesized by adapting the
procedure previously reported.40’ ! Briefly, 1.0 g of CTAB and
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“x” g of Pluronic F127 (with x = 2, 4, or 8 g for MCM-48 with
particle sizes of 300, 150, and 90 nm, respectively) were
dissolved in 298 mL of NH,OH (2.8 wt %)/EtOH = 2.5:1 (v/
v). Then, 3.6 g of TEOS was added and the solutions were
vigorously stirred (1000 rpm) for 1 min. The mixtures were
aged under static conditions at room temperature (RT) for 24
h and recovered by centrifugation (30 min, 10 000 rpm). Prior
to the centrifugation of the 90 nm-particles synthesis medium,
the volume of the obtained solution was doubled with EtOH.
Afterward, all the white resulting solids were washed twice with
250 mL of water and dried in air at 60 °C overnight. Finally, the
resulting products were calcined (550 °C, air, S h). The
resulting materials are called MCM-48(90), MCM-48(150),
and MCM-48(300); the number between the parentheses
refers to the measured size of the particles.

Pore-swollen silica nanoparticles were 2prepared according to
the procedure reported in the literature.*” For this, noncalcined
MCM-48(150) (0.8 g) were dispersed in 40 mL EtOH (100%)
by shaking (15 min) and sonication (30 min). Simultaneously,
a solution of 40 mL of H,O/TMB = 1:1 v/v was prepared using
a vortex (1 min) and added to the suspension of noncalcined
MSNs. The mixture was placed in an autoclave and kept for 2
days at 100 °C. The resulting powder was filtered, washed three
times with water and once with EtOH, and dried at 100 °C for
24 h. Finally, the resulting product was calcined (550 °C, air, $
h). This material is named MCM-48(PE-150).

Encapsulation of Resveratrol into MSNs. Resveratrol
(25 mg) was loaded into MSNs using the rotary evaporation
technique as previously reported.”® Resveratrol was placed in a
rotary evaporation flask and dissolved in methanol (10 mL)
using sonic bath (RT, S min). Then, the MSNs (100 mg) were
added to the solution and dispersed using sonic bath (RT, 5
min) in order to achieve a loading of 20% w/w. The solvent
was slowly evaporated with a rotary evaporator at 40 °C until
dried powder could be observed in the flask. The obtained solid
was then dried under air overnight at 50 °C in an oven.

Materials Characterization. Powder X-ray diffraction
(XRD) measurements were performed using a Siemens
D5000 (reflection, 6—@ configuration; Cu Ka: 1 = 1.541 A;
40 kV; 30 mA; 1-8 or 10—40° 20; step size: 0.02 26; 0.02 s/
step). The data were analyzed using the Jade software coupled
with JCPDS and ICDD databases. For the transmission
electron microscopy (TEM), the nanoparticles were dispersed
in ethanol. This suspension (4 #L) was deposited on a carbon-
coated copper grid and images were taken in TEM (JEM-1230)
at an accelerating voltage of 80 keV. High-resolution scanning
electron microscopy images (HR-SEM) were taken with a
Verios 460 (FEI) at a landing voltage of 1 kV in deceleration
mode (stage bias voltage: 4 kV) (KAIST, Daejeon, Republic of
Korea). The samples were mounted without metal coating. N,
physisorption isotherms were measured at —196 °C (77 K)
using an Autosorb-iQ, sorption analyzer (Quantachrome
Instruments, Boynton Beach, FL, USA). Prior to the analysis,
the pristine MSN's and the resveratrol-encapsulated MSNs were
respectively outgassed 10 h at 200 °C or 20 h at 35 °C. The
specific surface area (Sgpy) was determined using the
Brunauer—Emmet—Teller (BET) equation in the relative
pressure range 0.05—0.2. The total pore volume was
determined at P/P, = 0.95. The pore size distributions
(PSDs) were calculated with the nonlocal density functional
theory (NLDFT) method considering the silica cylindrical pore
model.”® Dynamic light scattering (DLS) analyses were
recorded on a Malvern DTS Nano Zetasizer 173° (equilibrium
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time set at 3 min, 3 measurements for each sample). The
samples were dispersed in water, shaken and sonicated prior to
the analysis. Thermogravimetric analysis (TGA) was performed
on a Mettler Teledo instrument under airflow of 20 mL min™"
with a heating rate of 10 °C min~’, from 40 to 900 °C. The
drug loading was assessed between the range of temperature of
150—650 °C.

Drug Solubility and in Vitro Dissolution. The solubility
of resveratrol was determined using a procedure previously
reported.”® Excess amounts of free and encapsulated drug
equivalent to ca. 2000 ug mL™" were dispersed in 1 mL of
water. The resulting solution was stirred at 37 °C for 48 h. The
supernatant was recovered by centrifugation prior to the
determination of the concentration of resveratrol by UV—vis
spectroscopy at 4 = 305 nm (Varian Cary SO Bio). The data
reported are average values obtained using different starting
MSNS, ie., from various batches of MSNs synthesis (n = 8).
The release of the encapsulated resveratrol was performed
using the dialysis bag technique. Nanoparticle-encapsulated
resveratrol equivalent to 20 mg of free drug was introduced
inside the membrane (14 kDa molecular weight cutoff) with S
mL of phosphate buffer saline (PBS) and subsequently
immersed into 220 mL of 0.5% TWEEN20/PBS (v/v) at 37
°C with continuous stirring. At adequate period of time, 2 mL
of solution was withdrawn and immediately replaced with the
equivalent volume of 0.5% TWEEN20/PBS to maintain the
initial volume. The removed samples were analyzed by UV—vis
spectroscopy at 4 = 305 nm. As a control, the same experiment
was conducted with 20 mg of free resveratrol. The data
presented are average of triplicates.

Cell Viability. Analysis of cell viability was measured by flow
cytometry. Typically, Caco-2 and RAW 264.7 cells (500 000)
were seeded in a 12-well plate and treated with various
concentrations, i.e., 10, S0, and 100 ug mL™! of MCM-48(90)
for 24 h in Minimum Essential Media (MEM) and Dubelcco’s
Modified Eagle’s Media (DMEM) supplemented with 10% fetal
bovine serum, respectively. Then, the cells were trypsinised and
harvested by centrifugation at 400 g for 5 min at RT. The
supernatant was discarded and the cells were washed once with
PBS and resuspended in 0.2% bovine serum albumin (BSA)/
PBS. Cells were stained with 7-aminoactinomycin D (7-AAD)
for 10 min and analyzed by Cytoflex flow cytometer (Beckman
Coulter). Cells without MSNs were used as a control.

Caco-2 Permeability Experiments. Permeability of
resveratrol was evaluated in vitro by using well-recognized
Caco-2 cell monolayer assay. Caco-2 cells were seeded at a
density of 1 X 10° cells/well in 12-well cell culture inserts (1
um pore diameter, 0.9 cm? area) (Corning Costar, NY) and
were grown in supplemented DMEM + 1% PEST + 1%
Glutamine for 10—14 days. Transepithelial electrical resistance
(TEER) values were regularly measured using an electrode
connected to an EVOM volt-ohmmeter (World Precision
Instruments, USA). Only Caco-2 cell monolayers with initial
TEER values higher than 600 Q cm® were used for further
experiments. The permeability studies were carried out by
adding V = 0.5 mL of various concentrations, i.e., 5, 10, and 20
pug mL™' of resveratrol suspended in Hank’s Balanced Salt
Solution (HBSS), MCM-48(90) loaded with RES and
suspended in HBSS and resveratrol predissolved in a small
quantity of DMSO and diluted in HBSS on the apical
compartment of the insets. Blank medium (HBSS) and
nanoparticles were used as controls. The basolateral compart-
ment (receiver compartment) was filled out with 1.2 mL of
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HBSS + 10 mM hydroxyethyl piperazineethanesulfonic acid
(HEPES) + 1% BSA. After 2 h of incubation, samples were
collected from the basolateral compartment and the amount of
resveratrol present in the receiver compartment was
determined by UV—vis spectroscopy.

In Vitro Anti-Inflammatory Assay. According to
previously reported methods,”> RAW 264.7 cells transfected
with a NF-kB reporter gene plasmid were seeded at 500 000
cells/well in 24-well plates in a fully humidified incubator
containing 5% of CO, and 95% of air. To study the effect of
resveratrol loaded in MCM-48(90) on inhibition of NF-«B,
after overnight incubation, the cells were pretreated with a
range of concentrations of resveratrol in DMSO, DMEM, and
MCM-48(90) loaded with resveratrol, for 6 h and then 10 ng
mL™" of LPS was added to activate NF-kB within the
macrophages. After overnight incubation, cells were trypsinized,
harvested, and GFP expression due to NF-kB activation
assessed by flow cytometry using a CyAn ADP Analyzer
(Beckman Coulter) and Flowjo 8.8.7v for analysis. To avoid
any interferences due to the nanoparticles, independently of the
drug, MCM-48(90) was included in this assay as a negative
control with and without addition of LPS. We acknowledge that
exposure to drug and/or the carriers may lead to some cell
death. Therefore, while analyzing flow cytometry for each
sample we have gated on the live cells using their forward and
side scatter characteristics (standard practice in flow cytometry)
and therefore only live cells were included in our analysis.

B RESULTS AND DISCUSSION

Materials Characterization. Size and Surface of the
MSNs. Size of the nanoparticles is a key attribute when
designing materials for oral drug delivery for human use
because they have to cross the intestinal mucosal barrier.***
Fine-tuning the size of MCM-48 particles was achieved in situ
by adapting the amount of F127, a surfactant used in the
synthesis to inhibit the growth of the MCM-48 particles.*’
More specifically, the more F127 is added, the less the particles
could grow, therefore the mass of F127 surfactant used for the
classical MCM-48 MSNs synthesis, being 4 g, is reduced down
to 2 g for the bigger MCM-48 MSNs and increased up to 8 g
for the smaller ones.”’ On the other hand, expansion of the
pore size requires an additional step in the synthesis of MCM-
48 nanoparticles. A traditional pore swelling agent, trimethyl-
benzene (TMB), was used to infiltrate the micelles of the
noncalcined particles in a mixture EtOH/H,O at high
temperature, i.e., 100 °oc.® Indeed, it was reported that TMB
can penetrate and interact with the alkyl chains of the
surfactant, ie, CTAB in our case, through hydrophobic
interactions. In addition for this MCM-48-based synthesis,
TMB may also interact to some extent with F127
(EO1sPO7EO, ), including with the EO groups of the
block copolymer as these are expected to be dehydrated at the
temperature of the synthesis, ie., 100 °C.* Then, under the
solvothermal conditions applied, it is assumed that silica
precursors undergo redissolution and redeposition around the
mesopores resulting in the increase of the pore size. The ability
of the swelling agent to incorporate the core of the micelles
relies on several factors, such as its molecular size and its
solubility in the solvent used.*®

The characterization of the particles using electron
microscopy is therefore necessary to assess the success of
these syntheses. HR-SEM images of the obtained MCM-48
nanoparticles are depicted in Figures 1 and SI. As it can be
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Figure 1. HR-SEM (left) and TEM (right) images of (a) MCM-48(90), (b) MCM-48(150), (c) MCM-48(300), and (d) MCM-48(PE-150).

seen, neither the variation of the particle size nor the expansion
of the pore size have greatly affected the morphology of the
nanoparticles since mostly spherical particles have been
obtained which is expected with the MCM-48 based synthesis.
Nevertheless, the surface of the pore-swelled nanoparticles
seems to be rougher than the other nanoparticles synthesized.
The TEM images presented in Figures 1 and S1 suggest that
nonagglomerated particles with well-defined mesoporous
network have been synthesized with sizes of about 90, 150,
and 300 nm. However, both SEM and TEM images suggest
that polydispersity increased upon decreasing the particle sizes
from 150 to 90 nm. From the TEM images of MCM-48(PE-
150) in Figures 1d and S1d, one can observe that the
nanoparticles appeared somewhat less dense upon exposure to
the electronic beam possibly because of the increase of the pore
size. Furthermore, DLS has been used to evaluate the behavior
of these nanoparticles in aqueous solution and the distributions
of the hydrodynamic diameters are shown in Figure 2. As it can
be seen, pure MSNs show narrow particle size distribution in
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aqueous medium and absence of agglomeration owing to the
low polydispersity index (PdI, 0.02 < PdI < 0.08) and the
colloidal stability of the suspended MCM-48(90, 150, and 300)
nanospheres. Also, the increase of the hydrodynamic diameter
in number mode, i.e., 108, 164, and 341 nm for MCM-48(90),
MCM-48(150), and MCM-48(300), is in accordance with the
electron microscopy analyses. Although the size of the MCM-
48(PE-150) particles is comparable to the classic MCM-
48(150), 163 vs 164 nm in number mode, respectively, the
diameter in intensity mode and the PdI increased, i.e., 186 vs
256 nm and 0.03 vs 0.174 for MCM-48(150) and MCM-
48(PE-150), respectively (see Figure S2a,b).

Mesoporous Network. The three-dimensional (3-D) inter-
connected network of the MCM-48 nanospheres is frequently
favored over the two-dimensional (2-D) hexagonal structure of
MCM-41 silica owing to the superior diffusion of entities
throughout the mesopores of MCM-48 materials.*”*” Although
smaller particles, such as MCM-48(90), exhibit restricted
coherent scattering domain, a broad X-ray reflection, which can
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Figure 2. Hydrodynamic diameters of the pure MCM-48(90, 150 and
300) measured by dynamic light scattering, in number (a) and
intensity mode (b).

still be attributed to the (211) plan of the 3-D cubic Ia3d
structure, can be observed in the powder diffraction pattern
shown in Figure S3a. On the other hand, higher degree of order
has been obtained for the bigger nanoparticles, ie., MCM-
48(150) and MCM-48(300) with the appearance of well-
resolved (211) and (220) reflections.*

The N, sorption analysis reveals a type IV isotherm
characteristic of the cylindrical mesopores of MCM-48-like
nanoparticles, as it can be seen in the Figure 3a. Tailoring of the
particle size through the adjustment of the particle growth
inhibitor, pluronic F127, has affected neither the shape of the
isotherms nor the physicochemical parameters, which are listed
in Table S1. Nevertheless, an effect associated with the
increasing particle size can be noticed in the interparticle
region of the N, isotherms, i.e., as of P/P, = 0.9, since higher
volume of N, is adsorbed from MCM-48(90), MCM-48(150)
to MCM-48(300), due to higher void volume. Both MCM-
48(90) and MCM-48(300) nanoparticles maintained high
surface area, i.e, 1243 and 1241 m* g~' and high pore volume,
ie, 1.10 and 093 cm® g™', respectively, which is very
comparable to the regular MCM-48(150) material, ie., 1285
m® ¢! and 0.94 cm® g™, In addition, the synthesis used the
same structure—directing agent, ie, CTAB, therefore the pore
size remains constant for MCM-48(90), MCM-48(150), and
MCM-48(300), being around 3.5 nm (see Figure 3b).
Typically, the pore condensation step of N, at —196 °C inside
MCM-48 nanospheres with pore size around 3.5 nm occurs in
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the relative pressure range 0.2—0.3 without hysteresis.*®
Increasing the pore size of the MCM-48 nanoparticles results
in a shift of the pore condensation to the higher relative
pressure range 0.6—0.9, as well as the occurrence of Hl
hysteresis loop.*”*° Thus, the physisorption isotherm and the
respective pore size distribution of the pore-expanded MSN,
MCM-48(PE-150), presented in Figure S4, confirm the success
of the pore swelling process, as pores of about 7 nm have been
obtained. The increase of the pore diameter is accompanied by
a decrease of the surface area down to 851 m”> g™’ and an
increase of the pore volume to 1.67 cm® g™". Besides, as it can
be verified from the SEM and TEM images in Figures 1 and S1,
respectively, quite monodisperse and nonagglomerated MCM-
48(PE-150) nanoparticles were obtained and the mesoporous
network was essentially preserved. In the following, the MCM-
48(PE-150) sample will serve as a reference to illustrate the
behavior of larger pore materials.

Drug Loading and Confined Structure. Encapsulation using
the rotary evaporation technique is a common way to
circumvent solubility issues through amorphization of the
drug. Typically, the drug is first dissolved in a sufficient volume
of organic solvent prior to the addition of the nanoparticles.>'
Once the solvent evaporates, adsorption of the drug on the
surface of the pores occurs, which lower the Gibbs free energy
and yield in an amorphous drug/particle system.’> Being
restricted to a certain spatial environment, the amorphous drug
is not prone to crystallization. On the other hand, increasing
the size of the mesopores may promote mobility of the drug up
to the point where recrystallization may happen.*® Therefore, in
the current study, 7 nm pore size will be compared to the
smaller 3.5 nm pore size in terms of degree of crystallinity and
saturated solubility of resveratrol. Apart from the size of the
pores, drug loading is also suspected to play a role on the
amorphous/crystalline character of the confined drug.'" In this
case, the solvent evaporation technique is a valuable technique
since it allowed us to precisely control the amount of
resveratrol introduced and to load equal quantity, ie., 20%
w/w, in the different MSNs. As it can be noticed from the mass
loss profile obtained from the thermogravimetric analysis
(TGA) (Figure SS and Table S2), the experimental and the
expected drug loadings are very close. This further affirms
reliability and reproducibility of the rotary evaporation method.
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As expected, the introduction of resveratrol did not affect the
mesostructure of the MCM-48 nanoparticles, as highlighted by
the XRD and the N, physisorption analyses (Figures S3b and
3¢).

As previously discussed, immobilization of drugs inside the
pores tends to change the structure of the organic entity from
crystalline to amorphous. This has been confirmed with the
sample MCM-48(150)-RES20% since no reflections associated
with the crystallized state of the molecule can be detected from
the wide-angle powder XRD pattern in the Figure S3d. On the
other hand, simple physical mixture of RES with MCM-
48(150) does not provide conditions for the amorphization of
the drug, as revealed by the presence of the peaks associated
with the crystalline drug in Figure S3c. However, using larger
pore MCM-48 nanoparticles, i.e,, MCM-48(PE-150), it can be
observed that few reflections attributed to resveratrol appeared
at 20 = 19.2, 22.3, and 28.2° in the diffraction pattern presented
in the Figure S3d. Therefore, despite being nanosized, confined
resveratrol inside the 7 nm pore MCM-48(PE-150) seems to
preserve a higher fraction of crystallized drug than the 3.5 nm
pores. The N, physisorption isotherms and pore size
distributions of MCM-48(150) and MCM-48(150)-RES20%
are presented in Figure 3c,d. As it can be seen, the volume of
N, adsorbed and the specific BET surface area drastically
decreased after the encapsulation, while the pore size of MCM-
48(150)-RES20% is similar to that of the pristine MCM-
48(150) sample, i.e., 3.3 vs 3.4 nm, respectively. Therefore, the
decrease of the surface area and pore volume, along with the
minor change in the interparticle region and pore size, may
suggest that the confinement of resveratrol inside the
nanopores of MCM-48 occurs likely as a monolayer in the
internal surface of the MSNs.””*> Besides, the particle size
distributions obtained from DLS analysis of all the RES-loaded
MCM-48 nanoparticles, which are shown in Figure S2, reveal
one single peak, further confirming the absence of agglomer-
ation.

In addition, we have verified that, once encapsulated inside
MCM-48 nanoparticles, resveratrol can remain as the bio-
logically active trans isomer over a prolonged period of time. As
a test, resveratrol was eluted in ethanol from a 10-month-old
MCM-48(150)-RES20% sample and the resulting solution was
analyzed by UV—vis spectroscopy. As shown in the Figure S6,
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the maximum absorbance appeared at 4 = 305 nm for both the
reference and the eluted resveratrol, demonstrating the
chemical stability (vs isomerization) of the drug upon
encapsulation and aging/storage. Furthermore, powder XRD
data collected for the 10-month-old MCM-48(150)-RES20%
sample confirmed that resveratrol remained amorphous for at
least this period of time (see Figure S3e). Nevertheless, shelf
life of the encapsulated drug is a critical aspect for these
(nano)formulations which will need to be taken into account in
a comprehensive and dedicated study.

Drug Solubility and in Vitro Dissolution. There are
indications that trans-resveratrol could degrade upon light
exposure and/or pH variations. In particular, it has been
recently shown that almost 30% of the initial concentration
could be degraded after 24 h at pH 7.4.>* Thus, we have first
performed preliminary stability tests under similar conditions
and a degradation of about 10% was observed using UV—vis
spectroscopy (data not shown). In our case, we aimed at
comparing the encapsulated resveratrol to the free one, thus,
regardless of the slight degradation, the differences observed
will still be valid.

Drug Solubility. In this study, the saturated aqueous
solubility of the free and encapsulated drug is compared. To
do so, excess amounts of free and encapsulated resveratrol are
soaked in water for 48 h at 37 °C followed by centrifugation to
collect the supernatant, and the amount of solubilized
resveratrol in the supernatant was determined using UV—vis
spectroscopy. The solubility results expressed in ug mL™" of the
pure and encapsulated resveratrol inside MCM-48(90, 150,
300, and PE-150) are presented in Figure 4a. As it can be
observed, regardless of the type of MCM-48 nanoparticles used,
the solubility of encapsulated resveratrol is higher than that of
the crystalline free drug. Indeed, the crystalline/amorphous
character of the free/encapsulated resveratrol can explain this
phenomenon. Furthermore, using a larger pore material, i.e., 7
nm MCM-48(PE-150)-RES20%, the solubility of resveratrol
seems to be lower than with the smaller pore equivalent, i.e., 3.5
nm MCM-48(150)-RES20%, presumably because of the higher
fraction of crystalline resveratrol present in MCM-48(PE-150)-
RES20%, as discussed in the previous section. Regarding the
particle size effect on the solubility, we observed a rather
nonsignificant trend, i.e., smaller nanoparticles seem to increase
more the aqueous solubility of resveratrol. The ratio of
solubility of the encapsulated resveratrol to free resveratrol is
193, 1.85, and 1.44 for MCM-48(90)-RES20%, MCM-
48(150)-RES20%, and MCM-48(300)-RES20%, respectively.
Unlike the pore size effect on the solubility, which has been
documented in the literature throughout the years, particle size
effect has not been substantiated yet. Consequently, further
studies will be needed in order to achieve clearer relationship
between the aqueous solubility of an organic molecule and the
size of the carriers used. Nevertheless, this observation is of
valuable interest as smaller nanoparticles attract recently more
attention in an attempt of cell uptake enhancement, for
instance.**"'

Additionally as control experiments, we also recorded UV—
vis spectra (see Figure S7 for details) of resveratrol solubilized
in water over time, i.e., 0, 2, 24, and 48 h (under the exact same
experimental conditions as described for the solubility tests in
the Experimental Section). As it can be observed, the maximum
absorbance remained at = 305 nm, which shows that trans-
resveratrol is stable under these conditions. Furthermore, the
solubility does not fluctuate much between 0 and 48 h, being
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452 and 45.7 ug mL™, respectively. Moreover, the powder
XRD patterns of the drug, measured before and after the
solubility test, i.e., “fresh” and recovered resveratrol, are very
similar. In light of these observations, we assume that we are
not in the presence of a solution-mediated phase trans-
formation. Furthermore, the pH of the dissolution medium, i.e.,
water, was checked and only little variation was observed, with
pH = 6.08 at t = 0 h (directly after addition of RES) and pH =
6.15 at t = 48 h.

In Vitro Dissolution. Considering the screening of the
different materials performed through the saturated solubility
study, we decided to focus our kinetic release tests toward the
different particle sizes of MCM-48 nanoparticles. Thus, the
release of resveratrol in the dissolution medium (pH 7.4) under
diluted conditions was performed using free and encapsulated
resveratrol samples, RES, and MCM-48(90, 150, and 300)-
RES20%. The results are compiled in Figure 4b. As it can be
immediately seen, 26 vs 70% of release after 24 h were obtained
from the free vs the encapsulated resveratrol. Thus, the fraction
of resveratrol dissolved from the silica formulations is almost 3
fold higher compared to the free drug. On the other hand,
contrary to the saturated solubility test, a comparable release
percent was calculated for the three MCM-48 nanoparticles,
ie, 70, 69 and 71% for MCM-48(90)-RES20%, MCM-
48(150)-RES20%, and MCM-48 (300)-RES20%, respectively.
Therefore, we suggest that the release of the drug from the
nanoparticles could be diffusion controlled. Our hypothesis is
that, under saturated conditions, the solubility of the drugs
tends to rely on the size of the nanocarriers; in a restricted
volume of solution, smaller particles MCM-48(90) would be
presumably better dispersed than MCM-48(150) or MCM-
48(300) so the saturated solubility of the drug out of the silica
matrix might be enhanced. Differently, under diluted
conditions, the release of resveratrol seems to be achieved
regardless of the particle size of the carrier; since all the
nanoparticles that we used are colloidally stable, dispersion is
not a limiting factor anymore. Our experimental data have been
fitted with the semiempirical power law that usually describes
the drug release mechanism and the results are presented in
Figure S8 and Table S3. As the R values implied, the model fits
well with our experiment. For all the samples, the diffusional
exponent n is comprised between 0.5 and 1, which for a
nonswellable system corresponds to a non-Fickian or
anomalous transport model.>> It is reported that this
mechanism may be due to structure change, temperature
variations or saturation of the release media. Interestingly, as
the size of the nanoparticles decreases from 300 to 90 nm, the n
value increases and gets closer to 1 (ie., 0.846, 0.916, and 0.944
for MCM-48(300)-RES20%, MCM-48(150)-RES20%, and
MCM-48(90)-RES20%, respectively). It is known that for n >
1, a zero-order kinetic model drives the drug dissolution,
independently of the concentration of the drug released. Our
results correlate well with earlier reports in terms of quantity of
resveratrol released, although our kinetic observations may
differ.”® These differences can originate from experimental
conditions used for the dissolution studies as well as from the
materials themselves. It is worth noting that higher release
percent from the MSNs is still expected after 24 h whereas the
equilibrium seems to be reached for the free resveratrol.

Cell Studies. For cellular uptake and transport, evidence
suggest that small particles show better endocytosis compared
to their larger counterparts.”> Hence, accounting for the results
obtained with the solubility and the in wvitro dissolution
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experiments, we have used MCM-48(90) loaded with 20% of
resveratrol for our cell-based assays.

Cell Viability. As can be seen in Figure S, various
concentrations of MCM-48(90) were used to perform the in
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Figure S. In vitro cytotoxicity of various concentrations of MCM-
48(90) nanoparticles against Caco-2 and RAW 264 cells using flow
cytometry. Statistics: mean + SD (n = 3 + SD).

vitro cytotoxicity assays with Caco-2 and RAW 264.7 cells using
flow cytometry. We observed no particular toxicity of the
pristine silica nanoparticles on these two cell lines. Therefore,
we can conclude that our results are not influenced by toxicity
originating from our nanocarriers, which is consistent with
previous reports with MSNis.**

Caco-2 Permeability. The apparent permeability coefficient
(Papp) index of a drug or nanoparticle correlates with the level
of permeability in vitro and the level of absorption in vivo.
Although according to the biopharmaceutics classification
system (BCS), resveratrol is a class II drug with high
permeability in solution, we wanted to test the effect of

nanoencapsulation on its P,,, value using Caco-2 monolayer as

a model. For nanoparticles, a bigger P, value suggests better
transport across the gastrointestinal barrier in vivo, however that
is not the indication for complete absorption, as there are other
factors such as solubility and stability at play. As shown in
Figure 6a, encapsulation of resveratrol within small size silica
particles enhanced its permeability more than § fold, compared
to free resveratrol dispersed in HBSS, ie., RES suspension.
Interestingly, the permeation of resveratrol suspension seems to
be independent of the concentration, i.e., same P, values have
been obtained for the three concentrations of resveratrol used
(5, 10, and 20 pug mL™"). Whereas, for MCM-48(90)-RES20%
and RES solution, higher concentration of resveratrol decreased
the P, values. It is important to note that the P,,, value for
MCM-48(90) loaded with resveratrol was comparable to
resveratrol predissolved in DMSO, ie., RES solution, to
mimic complete solubilization, further substantiating our
solubility results. From Figure 6a, it is also evident that
nanoencapsulation of resveratrol into our MSNs particles did
not have any detrimental effects on its permeability and it is
comparable to the drug solution.

Anti-Inflammatory Assay. The anti-inflammatory effect of
resveratrol is due to down regulation of several pathways and
cytokines such as NF-kB and IL-6."%"" We assessed the
applicability of our small size MCM-48 particles on the down
regulation of NF-kB on LPS-activated RAW 264.7 cells using
flow cytometry. This test is also a high-throughput way to
confirm the stability and bioactivity of resveratrol encapsulated
into MCM-48 nanoparticles. As shown in Figure 6b, cells
activated by LPS show extremely high mean fluorescence
intensity (MFI) due to release of GFP. Cells pretreated with
different concentrations of soluble resveratrol showed a
concentration-dependent decrease in NF-kB. On the other
hand, the resveratrol suspension showed inconsistent decrease
in MFI suggesting that solubility of resveratrol is important for
its biological activity. As hypothesized, resveratrol encapsulated
in MCM-48(90) showed the highest decrease in MFI at lower
concentrations (5 pg mL™" and 10 g mL™") further attesting
of the advantages of our formulation over resveratrol
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suspension or RES predissolved in DMSO. On the other hand,
at the higher concentration of 20 ug mL7', the % GFP
reduction has plateaued, causing no difference among the
different samples. It is important to note that bare particles
alone showed minimal interference with the fluorescence
measurement confirming that the observed effect is due to
the controlled release and improved solubility of resveratrol
from the nanoformulation.

B CONCLUSION

The aim of this study was to draw the attention toward the
effects of pore and particle size of the nanocarriers and their
repercussions on the biological properties of a highly absorbed,
yet scarcely bioavailable drug, such as resveratrol. In agreement
with the literature, encapsulation of the hydrophobic drug
inside nanopores has proven to enhance the solubility of the
drug in comparison to the free crystalline equivalent. Not only
that, we have also observed a certain trend regarding the effect
of the particle size of the carriers. Nevertheless, additional
studies including functionalization of the silica surface have to
be carried out in order to clarify any hypothetical relationship.
Then, as hypothesized, we have observed that the trans-
portation of the encapsulated resveratrol, ie, MCM-48(90)-
RES20%, across the tight junctions of Caco-2 monolayer in
aqueous solution was high compared to resveratrol in
suspension. Thus, the combination of solubility, drug release,
and transport enhancement greatly improves the physicochem-
ical properties and bioactivity of resveratrol owing to its
encapsulation into porous nanoparticles. Finally, considering
the enhanced anti-inflammatory activity obtained with our
nanoformulations, even at low concentration, our study
demonstrates that it is possible to bypass the detrimental
hydrophobicity and promote the therapeutic effect of
resveratrol, and possibly other similar hydrophobic drugs.
Our comprehensive investigations into the potential influence
of particle structure on the biological activity of hydrophobic
nutraceutical emphasize clearly the interest and applicability of
MSNs as next generation nanocarriers for hydrophobic drugs
and nutraceuticals.
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Figure S1: High resolution SEM (left) and TEM (right) images of MCM-48(90), MCM-
48(150) and MCM-48(300) (a, b, ¢c) and TEM images of MCM-48(PE-150) (d).
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Figure S2: Hydrodynamic diameters measured in number and intensity mode of (a,
b) pure MCM-48(150 and PE-150) and (c, d) the encapsulated MCM-48(90, 150

and 300)-RES20%, as-indicated.
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Figure S3: Low-angle X-ray diffractograms of pristine MCM-48 nanoparticles (a) and pristine
MCM-48(150) sample and the resveratrol-encapsulated counterpart MCM-48(150)-RES20%
(b); Wide-angle X-ray diffractograms of resveratrol mixed with MCM-48(150) and pristine
MCM-48(150) (c), resveratrol encapsulated inside MCM -48(150) nanoparticles in comparison
with free resveratrol (d), and resveratrol encapsulated inside MCM -48 nanoparticles for either
10 days or 10 months, as well as a recovered MCM-48(90)-RES20% sample after the in vitro
dissolution studies, which has been aged 10 months as well (note that the sharp peaks observed
here originate from the binder used for this specific XRD sample preparation) (e) .
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Table S1: Physicochemical parameters of the pristine and the encapsulated
nanoparticles determined by N, physisorption analysis.

Surface area Pore volume Pore size
2 -1 3 -1
(m"g") (cm™g ) (nm)
MCM-48(90) 1243 1.10 3.5
MCM-48(150) 1285 0.94 34
MCM-48(300) 1241 0.93 3.4
MCM-48(PE-150) 851 1.67 7.0
MCM-48(150)-RES20% 750 0.90 3.3
MCM-48(PE-150)-RES20% 664 1.58 7.0
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Figure S4: N, physisorption isotherms measured at -196 °C of MCM-48(PE-150) and
MCM-48(PE-150)-RES20%; inset: respective pore size distributions obtained from the
adsorption branch using the NLDFT method considering a cylindrical pore model.
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Figure S5: TGA mass loss profiles of the encapsulated MCM-48(90, 150, 300 and PE-150)
nanoparticles.

Table S2: Mass loss of resveratrol encapsulated inside the various MCM -48 nanoparticles
determined from thermogravimetric analysis considering the temperature range 150-650 °C.

Loading of resveratrol
(%)
MCM-48(90) 20.5
MCM-48(150) 21.3
MCM-48(300) 20.8
MCM-48(PE-150) 18.9
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Figure S6: Qualitative comparison of the UV-Vis spectrum of resveratrol released
in ethanol from a 10-month-old MCM-48(150)-RES20% sample (red) and free
resveratrol in ethanol (blue).
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ARTICLE INFO ABSTRACT

Keywords Our contribution aims to provide an efficient solution to one of the major challenges of oral delivery of gas-
Mesoporous silica nanoparticles tro-sensitive drugs, namely preventing their premature release and degradation in the gastric fluid in order to
Omeprazole maximize the absorption in the small intestine. Our results show that a pH-responsive protein, i.e., succinylated
-Lactoglobulin -lactoglobulin (BL), together with the key attributes of mesoporous silica nanoparticles (MSNs), can synergeti-

mitochondrial Morphology effect

cally reduce the release of the gastro-sensitive drug, omeprazole (OMP), in acidic pH and enhance the dissolution
Intestinal cells

in intestinal pH conditions. Two families of MSNs were synthesized, MCM-48-based and dendritic-type MSNs,
and both materials were additionally functionalized with trimethylsilyl groups to produce a hydrophobic surface
that can further modulate the interaction of the MSNs with the succinylated protein in the nanoformulation. The
methyl-functionalization of the MSNs also impacted on the physical state of the confined OMP and consequently
on its release in near neutral pH. Our cytotoxicity screening revealed no particular mitochondrial dysfunction
originating from the MSNs. Moreover, upon progressive release of the drug confined into dendritic-type MSNs,
the cytotoxicity against tumorigenic and non-tumorigenic cells (Caco-2 and HCEC) was significantly lower in
comparison to the drug pre-dissolved in DMSO and this, up to 8 h.

1. Introduction cells of the gastric mucosa [3]. One can actually consider that all con-

ditions are met in the stomach for OMP to react, but the acidic degra-

Because of the aggressive environment in the gastro-intestinal tract
(GIT), the activity of drugs can be hindered due to poor stability, solu-
bility, and permeability in the pH range 1.5 8 [1]. Yet, the drugs have
to reach the small intestine (duodenum and jejunum) where the absorp-
tion occurs [2]. In the case of successful transport across the intestinal
barrier through the transcellular or paracellular mechanism, they are
still submitted to a first hepatic passage prior the distribution to spe-
cific tissues [1]. However, due to the lack of effective oral drug delivery
platforms, the therapeutic potential of many drugs can not be fully ex-
ploited.

Omeprazole (OMP), a proton pump inhibitor widely used to inhibit
the gastric secretion of HTK*-ATPase in the case of gastric ulcers, is a
good model of gastro-sensitive drug. As a pro-drug, OMP is converted
into its active form, sulphenamide, in an acidic environment provided
by the active HYK*-ATPase, located in the membranes of the parietal
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dation at low pH would kinetically unfavor its conversion by H*K*-AT-
Pase resulting in poor drug bioavailability [4]. Thus, formulations are
required in order to carry acid-sensitive drug like OMP through the GIT.
Traditionally, enteric coated granules made of an assembly of excip-
ients such as hydropropyl methyl cellulose (HPMC), methacrylic acid
and ethyl acrylate are materials of choice for the development of oral
formulation but their uses seem to affect the chemical stability of the
drug which could also alter the bioavailability [5,6]. Novel approaches
have been reported including the use of multi-layer films [7], hydro-
gels [8], polymeric nanoparticles [9] and liposomes [10] and also more
natural and biocompatible materials have been investigated as pH-re-
sponsive tools, such as chitosan or alginate beads [11]. In this re-
gard, proteins attract increasing attention as they are naturally occur-
ing, biodegradable (i.e., by enzymes) and they also possess functional
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groups that can be further modified. For instance, via a simple succinyla-
tion reaction, studies have revealed the unprecedented emulsifying and
gelation properties of -lactoglobulin, a low-cost whey protein [12]. In-
deed, through this reaction, positive lysine amino groups are replaced
by negatively charged carboxyl groups, resulting in lower solubility of
the protein at acidic pH and a higher solubility at pH > 5. Nevertheless,
the pH-responsiveness of these proteins solves only partially the chal-
lenge of oral drug delivery since once in the intestine, the drugs have
to solubilize and permeate through the intestinal barrier which could
be problematic for some drugs [13]. The confinement of molecules into
porous nanoparticles has been recently discussed in the literature as a
way to circumvent these limitations [14]. In this regard, mesoporous sil-
ica nanoparticles (MSNs) show interesting features: high porosity, tun-
able pore and particle size, and multitudes of possible functionalizations
[15 17]. For example, MCM-48-based nanoparticles display a high sur-
face area ~1000 m? g !, high pore volume ~1 cm®g ! and a 3-D or-
dered porous network with a pore size of about 3 nm, which is suffi-
cient to accommodate small drug like doxorubicin, ibuprofen or resver-
atrol [18 21]. However, nowadays, protein therapeutics are believed
to possess advantages over small drug molecules in medical applica-
tions, therefore, material scientists have dedicated their work towards
increasing the pore size of silica nanoparticles as the pores of typical
MCM-41 or MCM-48 nanoparticles could indeed be too small to accomo-
date such macromolecules [22 25]. On the other hand, dendritic-type
MSNs (DMSNs), having a center radial porous network with a surface
area of ~700 m? g ! and a pore volume of ~1 cm® g 1, can have pores
larger than 6 nm, which make them an interesting host for protein load-
ing [26]. Though using only bare MSNs, drugs can diffuse rather quickly
throughout the open porous network and be released prematurely.

Therefore, as a proof-of-concept, we report that drug-loaded meso-
porous silica nanoparticles combined with succinylated -lactoglobulin
(BL) offer a proficient alternative to existing formulation since this sys-
tem (1) protects the drug throughout the GIT, (2) enhances solubility in
the intestine through the confinement of the drug in the pores, and (3)
permits anchoring other functionalities on the free surface of the MSNs
to ultimately enhance the permeability or tune the drug release. Herein,
OMP was used as a pharmaceutically interesting model of acid-sensi-
tive drug that was encapsulated into pure or methylated MCM-48 MSNs
and DMSNs, as representative materials for small and large pores, re-
spectively. Then, the cytoxicity and mitochondrial effects of such MSNs,
being often fairly questioned in the literature, was tested on tumori-
genic and non-tumorigenic intestinal cells [27 30]. Finally, the release
of OMP from MSN-free or MSN-based -lactoglobulin tablets was com-
pared at pH 1.2 and 7.4.

2. Experimental section

Materials and reagents. Cetyltrimethylammonium bromide (CTAB,
99%), Cetyltrimethylammonium chloride (CTAC, 25 wt% H0),
Pluronic F127 (EO9oPO70EO), Tetraethylorthosilicate, (TEOS, 99%),
Hexamethyldisilazane (HMDS, 99%) and omeprazole were obtained
from Sigma Aldrich. Triethanolamine (TEA, 98%) was purchased from
Alfa Aesar (USA). 50% succinylated -lactoglobulin was provided by
Aventus Innovation (Levis, QC, Canada). Materials for cell culture and
cytotoxicity experiments were purchased from GIBCO Invitrogen (Karl-
sruhe, Germany), Lonza Group Ltd (Basel, Switzerland), Sigma-Aldrich
Chemie GmbH (Munich, Germany) and Sarstedt AG&Co (Nuembrecht,
Germany).

Synthesis of mesoporous silica nanoparticles (MSNs). MCM-48-type
nanoparticles were synthesized by adapting the procedure previously re-
ported [31]. Briefly, 1 g of CTAB and 4 g of Pluronic F127 were dis-
solved in 298 ml of NH4OH (2.8 wt%)/EtOH = 2.5: 1 (v/v). Then, 3.6 g
of TEOS was added and the solution was vigorously stirred (1000 rpm)
for 1 min. The mixture was aged under static conditions at
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room temperature for 24 h and recovered by centrifugation (20 min,
10000 rpm). Afterwards, the resulting white solid was washed twice
with 250 ml of water and dried in air at 60 °C overnight. Finally, the re-
sulting product was calcined (550 °C, air, 5 h).

Dentritic mesoporous silica nanoparticles were synthesized by adapt-
ing a procedure previously reported [32]. First, the aqueous solution
was prepared: 8 ml of CTAC, 360 mg of TEA and 72 ml of HyO were
mixed together for 1h at 60 °C (stirring plate IKA, stirring rate
375 rpm). Then, the organic solution was prepared: 32 ml cyclohexane
and 8 ml TEOS were mixed and subsequently added to the first solution.
The solution was kept at 60 °C under the same stirring rate overnight.
Prior to the centrifugation at 10000 rpm for 20 min, the organic phase
was removed. After drying at 100 °C overnight, the as-made nanopar-
ticles were extracted for 2 h with 100 ml of EtOH and 1 drop of HCl
(37%). After drying the extracted nanoparticles at 100 °C overnight,
they were calcined under air at 550 °C for 5 h.

Functionalization of the MSNs with HMDS. Briefly, 1 g of MCM-48
MSNs or DMSNs were suspended in 50 ml of anhydrous toluene for
2 h under continuous stirring and Ny atmosphere. Then, 3 ml of HMDS
was added and the solution was kept at 80 °C under continuous stir-
ring overnight. Finally, the product was recovered by centrifugation
(10000 rpm, 15 min), washed with toluene and EtOH and dried at 80 °C
overnight. The resulting products are named MCM-48* and DMSN*.

Encapsulation of the drug into MSNs. OMP was loaded into pure
MSNs, i.e., MCM-48 MSNs and DMSNs, and functionalized MSNs, i.e.,
MCM-48* and DMSN* using the rotary evaporation technique, as pre-
viously reported [33]. OMP (75 mg) was placed in a rotary evapora-
tion flask and dissolved in acetone (30 ml) using an ultrasonic bath (RT,
5 min). Then, MSNs (300 mg) were added to the solution and dispersed
using an ultrasonic bath (RT, 5 min). The solvent was slowly evaporated
with a rotary evaporator at 35 °C until dried powder could be observed
in the flask. The resulting products (MCM-48-OMP and MCM-48+*-OMP;
DMSN-OMP and DMSN*-OMP) correspond to a loading of 20 wt% of
OMP, as measured by TGA. For comparison purpose, physical mixtures
of pure MCM-48 MSNs and DMSNs were prepared by mixing with the
spatula 20 mg of OMP with 80 mg of the respective silica materials. The
resulting materials are named MCM-48-OMP-PM and DMSN-OMP-PM.

Materials characterization. Wide angle X-ray diffraction (WXRD) mea-
surements were performed using a Bruker D8 diffractometer (reflec-
tion, 2 configuration; Cu K : = 1.5406 fk; 40 kV; 40 mA; 10 40°
2 , step size: 0.02 2 ; 0.02 s/step). For the Transmission Electron Mi-
croscopy (TEM), the nanoparticles were dispersed in EtOH. This sus-
pension (4 1) was deposited on a carbon-coated copper grid and im-
ages were taken in TEM (Philips CM200) at an accelerating voltage of
200 keV. Nj physisorption isotherms were measured at 196 °C (77 K)
using an Autosorb-iQs sorption analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA). Prior to the analysis, the pristine MSNs were
outgassed 10 h at 150 °C and the functionalized MSNs 12 h at 80 °C.
The specific surface area (Sggr) was determined using the Brunauer-Em-
met-Teller (BET) equation in the relative pressure range 0.05 0.2 for
DMSNs and pure MCM-48 MSNSs, this range was adjusted to 0.05 0.1
for MCM-48*. The total pore volume was determined at P/Py, = 0.95.
The pore size distributions (PSD) were calculated using the non-lo-
cal density functional theory (NLDFT) method considering a model of
silica with cylindrical pores. Dynamic light scattering (DLS) experi-
ment were performed on a Malvern DTS Nano Zetasizer 173° in or-
der to measure the hydrodynamic diameter and the zeta potential of
the different MSNs (equilibrium time set at 3 min, 3 measurements for
each sample). The samples were dispersed in water, shaken and son-
icated prior to the analysis. Thermogravimetric and Differential scan-
ning calorimetry (DSC) analyses were performed on a Netsch instru-
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ment (STA 449-F3 Jupiter) under an airflow of 20 ml min ! with a heat-
ing rate of 10 °C min !, from 40 to 700 °C.

Cell cultures. Non tumorigenic human intestinal cells (HCEC) were
kindly provided by Prof. Jerry W. Shay (UT Southwestern Medical
Center, Dallas, TX, USA) and cultivated, as previously described, in
DMEM supplemented with 2% medium 199 (10X), 2% cosmic calf
serum, HEPES 20 mM, gentamycin (50 g ml 1), insulin-transferrin-se-
lenium-G (10 gml 1), recombinant human EGF (20 ng ml 1), hydro-
cortisone (1 gml 1). Human colon adenocarcinoma cell line HT-29
were cultivated in DMEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S, 50 U ml 1y [34,35]. Human
colon carcinoma cell line (Caco-2) were cultivated in DMEM with 10%
FBS, 1% P/S, 1% sodium pyruvate and insulin-transferrin-selenium-G.
All cells were incubated in a humidified incubator with 5% CO,, at 37 °C.

Cytotoxicity assays. Cells were seeded (7500 cells/well) in black bot-
tom Costar 96-well plates. Stock solutions of OMP, the drug-free MSNs,
i.e., MCM-48 MSNs, MCM-48*, DMSNs and DMSN* and the drug-loaded
DMSN-OMP were prepared by dissolving OMP 10 mg in 1 ml of DMSO
or by dispersing 5 mg of the different MSNs into 5 ml of DMEM. A vortex
(20 sec) and sonics (10 min) were applied once for the drug-loaded DM-
SNs-OMP and three times for the drug-free MSNs in order to bring the
nanoparticles in suspension. The OMP solution and all the MSN suspen-
sions were then diluted with DMEM to the desired concentrations, i.e.,
10, 50 and 100 gml ! for OMP and 40 to 400 gml ! for the MSNs.
A volume of 100 1 of each of the solutions was first applied to the cells
followed by the addition of 100 1 of the respective cell culture media
twice concentrated. The treated cells with OMP and the MSNs were in-
cubated 24 h in the incubator (5% CO, at 37 °C). For each concentration
and type of MSNs of each 96-wells plate, triplicates were made. The cy-
totoxicity was measured using Alamar Blue as follows.

Alamar Blue (AB) assay. AB assay was used following methods previ-
ously reported with slight modifications [36]. Briefly, a solution of 10%
AB in DMEM (v/v) was prepared and 100 1 of this solution was added
to each well. The reaction was allowed for 40 min in the incubator, the
fluorescence was measured at 530/560 nm (excitation/emission) using
a Cytation 3 Imaging Multi Mode Reader (BioTek, Bad Friedrichshall,
Germany). Cells incubated with OMP or the MSNs were compared to
the respective control cells and the ratio treated over control was calcu-
lated in %. The suspensions of MSNs were incubated in the wells with-
out cells, thus possible interferences between the dye and MSNs were ex-
cluded (data not shown). The data presented are the mean + standard
deviation of at least three independent experiments (cell preparations)
made in triplicates. Statistical analysis was performed with OriginPro
9.55 (OriginLab) applying one-way ANOVA with Fisher test for pairwise
comparison (threshold value p < 0.05).

Sulforhodamine B (SRB) assay. SRB is a dye that bind to cellular pro-
tein under mild acidic conditions and permits to assess cell viability
and proliferation. According to recently reported protocol, after the AB
assay was performed, the cells were washed twice with PBS prior to
their fixation with 50 1 of a solution of trichloroacetic acid (50% in
PBS, v/v) in each well [34]. After 1 h at 4 °C, the plates were washed
twice with distilled water and dried at RT. Subsequently, the cells were
washed twice with PBS and 50 1 of the SRB solution (0.4% w/w di-
luted in 1% acetic acid) was added to each well. After 1 h at RT, the
SRB solution was removed and the plates were washed twice with dis-
tilled water and dried at RT. The protein-bound dye was dissolved us-
ing 100 1 of Tris-base (10 mM) and the absorbance was measured at

= 570 nm using the plate reader. Here again, cells incubated with
OMP or the MSNs were compared to the respective control cells and
the ratio (treated over control) was calculated in %. The data presented
are the mean * standard deviation of at least three independent cell
preparations made in triplicate. Statistical analysis was performed with
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OriginPro 9.55 (OriginLab) applying one-way ANOVA with Fisher test
for pairwise comparison (threshold value p < 0.05).

Mitochondria labelling. After the AB assay, the cells were washed
twice with PBS prior to their staining with Mitotracker Green (diluted
1:1000 with Live Cell Imaging solution). A volume of 100 1 was added
to each well and the cells were incubated 1 h, washed twice with LCI
before imaging.

Mitochondrial morphology analysis. The analysis was made using the
Mitochondrial Network Analysis (MiNA) tool available in the FIJI dis-
tribution of ImageJ [37]. As described, the images are first equally
processed using unsharp masking (2 pixel radius), Enhance Local Con-
trast (CLAHE) and median filtering (2 pixel radius) to gain contrast and
resolution. The images are then converted to binary and skeletonized
prior to the analysis of the skeletons. For each 96-wells plate, images of
the triplicates were recorded and further analyzed.

Preparation of tablets with and without MSNs. The tablets were directly
compressed using a single punch press (PerkinElmer). MSN-free tablet
is composed of 20 mg of OMP and 200 mg of BL. MSN-based tablets
are composed of 100 mg of drug-loaded MSNs and 200 mg of BL. All
tablets have a diameter of 13 mm and a thickness of 0.2 mm. Prior to
the compression, the powders, i.e., BL with either the free drug or the
drug-loaded MSNs were physically mixed together. The list of the tested
formulations is presented in Table 1.

Preparation of the in-vitro release media. Both pH 1.2 and 7.4 media
were prepared according to a previously reported procedure [38]. For
the solution at pH 1.2, 2 g of NaCl, 7 ml of HCI (37%) and 1 1 of distilled
water were mixed. For the solution at pH 7.4, first 6.8 g of KHoPO4 was
dissolved in 250 ml of distilled water and then combined to 190 ml of
NaOH 0.2 M and 400 ml of distilled water. The pH was adjusted using
NaOH 0.2 M and the volume was completed to 1 | with distilled water.

Drug solubility studies. To ensure sink conditions, the solubility of
OMP at pH 1.2 and pH 7.4 was determined using a procedure previously
reported [19]. The amount of OMP, i.e., 10 mg ml !, was dispersed
in each medium. The resulting solution was stirred at 37 °C for 48 h.
The supernatant was recovered by centrifugation (10,000 rpm, 5 min)
prior to the determination of the concentration by UV Vis spectroscopy
(OMP: = 284nm at pH 1.2 and = 298 nm at pH 7.4). From an ini-
tial concentration of 10 mg ml !, around 8.39 mg.ml ! were dissolved
in pH 1.2 and only 0.33 mg ml ! in pH 7.4, so it is 25 times more solu-
ble in acid than in neutral pH (Fig. S1).

Dissolution studies. Dissolution tests were performed using pH 1.2 and
7.4 with an initial concentration of OMP of 44 gml 1. For each dis-
solution test, 450 ml of medium was introduced into a 500 ml erlen-
meyer, subsequently placed inside an incubator set at 37 °C. Stirring at
300 rpm was allowed prior to the addition of the tablets. Each test was

Table 1
List of the prepared tablets.

N° Name Composition
1 BL-OMP 20 mg OMP 200 mg
BL
2 BL- 100 mg
MCM48-OMP MSN-OMP
3 BL-
MCM48*-OMP
4 BL-DMSN-
OMP
5 BL-
DMSN*-OMP
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performed as follows: the tablets were placed 2 h at pH 1.2, then the
tablets were taken out and directly placed in 5 ml of PBS for few min-
utes to prepare the media at pH 7.4. Once transferred in pH 7.4, the
test continued for the next 24 h. Aliquots of 1 ml were taken out at ade-
quate period of time and replaced by 1 ml of the fresh medium to main-
tain the same volume. The concentration of OMP released in both me-
dia was quantified using UV Vis spectroscopy. All the tests were per-
formed in triplicates. Statistical analysis was performed with OriginPro
9.55 (OriginLab) applying one-way ANOVA with Fisher test for pairwise
comparison (threshold value p < 0.05).

3. Results and discussion
3.1. Materials characterization

3.1.1. Pure and functionalized MSNs

The differences in the pore structures between both types of nanopar-
ticles are undeniable from the TEM images presented in Fig. 1. On
one hand, the highly ordered 3-D porous network of MCM-48-based
nanoparticles presents an array of small pores, yet still well accessible
from the external environment. In comparison, the large pores of the
DMSNs present a flower-like organization. Indeed, in this latter case,
two populations of pores can be distinguished: smaller pores in the cen-
tre and larger ones at the rim. Also, the MCM-48 nanoparticles are al-
most twice as big as the DMSNs, i.e., 150 and 80 nm, respectively.
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The N physisorption isotherms measured at 196 °C corroborrate
well these observations as it can be seen in Fig. 2. Indeed, typical type
IVb isotherms associated with a pore condensation step in the relative
pressure range 0.1 0.3 can be recognized and easily attributed to the
cylindrical small mesopores of MCM-48 nanoparticles (Fig. 2a) [39].
After the post-synthesis grafting of the methylsilane, the porosity of the
native MCM-48 nanoparticles is occupied and therefore the surface area,
the pore volume and the pore size have decreased (Sggr: from 1140 to
966 m? g 1, pore volume: from 0.87 to 0.53 cm® g ! and pore size from
3.4 to 3.2 nm) as compiled in the Fig. 2a, 2c and the Table S1.

Since the pores of DMSNs are larger, the pore condensation occurs
at higher relative pressure range, i.e., 0.6 0.9 with a sharp hysteresis
loop, still an isotherm type IVa can be recognized (Fig. 2b) [39]. The
volume of N, adsorbed at lower pressure range might derive from the
presence of smaller pores of about 3 4 nm, as visible in the pore size
distribution profile of pure DMSNs presented in Fig. 2d. Indeed, two
peaks, centered at 3.6 and 9.4 nm can be distinguished, which is in line
with the above qualitative description of the TEM images (see Fig. 1).
Interestingly, after the post-synthesis grafting of the methylsilane, the
peak corresponding to the 3.6 nm pores disappeared whereas the main
one at 9.4 nm remains almost identical to the pure materials. Therefore,
it can be postulated that the majority of the methylsilane is preferen-
tially located in smaller pores, as confirmed by the minor decrease in

Fig. 1. TEM images of MCM-48 (a, b) and DMSN nanoparticles (c, d).

78



Chapter 4 — Results

E. Juére et al.

@ —— MCM48
1200 —=— MCM48*
—+— MCM48-OMP
1000 o

§

o 800

o

o

o

S 600

8 4

© M |

2 400 ,&0"'000”0‘0&&00—‘”““ b

;g S o Hﬂr-—_)

200 ,/ :/:,f/
e
0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P;)

(c) —e— MCM48

124 —=— MCM48*

2 4 6 8 10
Pore size (nm)

—&— MCM48-OMP

European Journal of Pharmaceutics and Biopharmaceutics xxx (Xxxx) XXx-XXX

(b) —+— DMSN
DMSN*
—+— DMSN-OMP
1600 4
5
> 1200 -
el
(53
2
o
L 800 |
© |
@ 1
5
S 400 /«’
22
Wo rras ottt d *
04— : : : : :
0.0 0.2 04 0.6 08 1.0
Relative pressure (P/P;)
(d) —+— DMSN
0.20 4 —=— DMSN*
—+— DMSN-OMP
0.16 -
‘TC)
< 012
£
c
E
S0.084
>
el
0.04 4
0.00 -

4 8 12 16 20 24 28 32 36 40
Pore size (nm)

Fig. 2. (a, b) N, physisorption isotherms measured at 196 °C of the pure, methyl-functionalized MCM-48 MSNs and DMSNs and omeprazole-loaded MCM-48 MSNs and DMSNSs; (c, d)
The corresponding pore size distributions determined using the NLDFT method on the adsorption branch of cylindrical pore models.

pore volume and pore size, i.e., from 1.30 to 1.08 cm® g ! for the pore
volume of native DMSNs and DMSN*, respectively. The consistency of
the grafting can be judged from the Table S1 and the Fig. S2c and d,
since for both type of nanoparticles, similar methylsilane content has
been achieved, i.e., 6.3 w% and 5.6 w% for MCM-48* and DMSN*, re-
spectively (the DSC profile of the methyl-functionalized nanoparticles is
available in the Fig. S2b). In addition, similar hydrodynamic diameters
and zeta potentials of the methyl-grafted MSNs have been obtained as
compared to the pure starting MSNs, as it can be seen in the Fig. S3. We
observed that the hydrodynamic sizes of the methyl-grafted DMSNs and
MCM-48 MSNs were slightly smaller than their pure counterparts owing
to the hydrophobicity created by the methyl groups (Fig. S3a).

3.1.2. Drug-loaded MSNs

OMP was loaded into four different kinds of materials using the ro-
tary evaporation technique aiming at a final loading of 20 w/w %. This
technique was chosen for its reproducibility as we aim to compare the
release profile using different formulations, equal amount of OMP has to
be incorporated in the different MSNs. This was successfully achieved,
as it can be seen in the mass loss profile obtained from TGA presented
in the Fig. S2¢, d and the Table S1, around 19 and 18% of OMP was in-
corporated into MCM-48 MSNs and MCM-48*, respectively, and 20 and
18% in DMSNs and DMSN*.

It is well documented that the process of drug encapsulation is of-
ten accompanied by the amorphization of the organic entity resulting in
an amorphous drug confined in the pores of the particles [14,40 42].
From our results, hints in this direction can be found from the DSC
analysis. As it can be observed in the Fig. S2a, the melting of OMP is
characterized by a sharp endothermic peak at 160 °C followed by an
exothermic combustion at 171 °C. This endothermic peak can only be
found in the samples where OMP has been physically mixed with either
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MCM-48 MSNs or DMSNs, i.e., MCM-48-OMP-PM or DMSN-OMP-PM,
Fig. 3. The endothermic effect is not as pronounced in this case because
only 20 w/w % of OMP was introduced. Therefore, it can be concluded
that when OMP is confined inside the mesopores of both MCM-48 MSNs
and DMSNS, it is in an amorphous or liquid-like state, so it does not
melt, and it is burnt directly. Taking a closer look, one can actually real-
ize that the samples with the grafted methyl groups, i.e., MCM-48*-OMP
and DMSN*-OMP, have a very small shoulder at 148 °C: a small frac-
tion of non-amorphous OMP might still be present. It is unlikely that
this peak originates from the methylsilane as its combustion takes place
at around 400 °C (see DSC analysis of methyl-functionalized nanopar-
ticles, Fig. S2b). In order to confirm these observations, WXRD analy-
ses were recorded on all the samples and the results are presented in
the Fig. S4. OMP displays few diffraction peaks, which, after encapsula-
tion into the different type of MSNs, are replaced by a wide amorphous

halo . Nevertheless, few small diffraction peaks, e.g., at 2 = 12.3° and
17.2°, can be ascribed to the crystalline structure of OMP, in the case
of MCM48+*-OMP and DMSN*-OMP. The reason for that particular be-
havior might originate from the hydrophobic interactions between the
aromatic rings of OMP and the methyl groups exposed at the surface of
the MSNs which could limit the movement of OMP in close proximity to
the surface.

Since the drug is confined in the mesopores of the materials, the
porosity after the loading is noticeably reduced. In the case of pure
MCM-48 nanoparticles, only a slight decrease in the pore size can be no-
ticed from the PSD presented in the Fig. 2c, i.e., from 3.4 to 3.2 nm for
MCM-48 and MCM-48-OMP, respectively. This is in line with our pre-
vious report, in which we showed that resveratrol might be adsorbed
as a layer that covers the surface of the pores [19]. In the case of
DMSNSs, here once again, smaller pores seem to be occupied preferen-
tially by OMP since the peak centered at 3.6 nm for the pure DMSNs
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Fig. 3. DSC profiles of omeprazole physically mixed with either MCM-48 MSNs or DMSNs
and confined omeprazole into pure and methyl-functionalized MCM-48 MSNs and DMSNs;
(a) MCM-48 and (b) DMSN nanoparticles.

disappeared completely (see Fig. 2d). Nevertheless, OMP has also been
adsorbed in the larger ones since the volume associated to the main peak
centered at 9.2 nm decreased in comparison to pure DMSNs.

3.1.3. Qualitative characterization of the physical mixture

To gain more insights into the interaction of the protein and the
nanoparticles, SEM images were recorded for the mixture of BL with
MCM-48-OMP and MCM-48*-OMP. As seen in the Figs. 4 and S5, the
obvious differences in morphology and size of the three components,
i.e., BL, OMP and drug-loaded MCM-48 nanoparticles, make their dis-
tinction easier. BL forms spherical microparticles of about 20 m (see
Fig. S5a, b), OMP has a straight shape with a size not exceeding 1 m
(see Fig. S5c, d) and finally, MCM-48 are spherical nanoparticles of
about 150 nm. Therefore, attention can be drawn to the fact that, no
crystal particles of OMP remained, as seen in the Fig. 4, which proves
again the success of the encapsulation process. The presence of some
amorphous OMP on the external surface of the MCM-48 particles (or
any MSNs used) can occur, however, as the external surface area is sig-
nificantly lower in comparison to the internal surface area, the largest
amount of loaded OMP is most likely inside the mesopores. The main
information that can be extracted from these images is that, when
the silica nanoparticles are methylated, i.e., MCM-48*-OMP, their den-
sity per microparticle of BL seems to be increased in comparison to
MCM-48-OMP. This visual observation is in agreement with earlier re-
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Fig. 4. SEM images of the mixtures (a) BL and MCM-48-OMP and (b) BL and
MCM-48*-OMP.

ports stating that BL is involved into hydrophobic interactions with
lipids or polyphenols, for example [43,44].

3.2. Cytotoxicity studies

3.2.1. Omeprazole and drug-free MSN effects on HT-29 and Caco-2 cell
lines

The two tests chosen to evaluate the toxicity of OMP and the
drug-free MSNs on different cell lines are complementary. On one hand,
the AB assay refers to the metabolic activity of cells as it is based on re-
dox reactions. Resazurin, a non-fluorescent reagent, is taken up, reduced
intracellularly by enzymes into resorufin, a fluorescent product, which
returns back in the cell culture media where it can be quantified [45].
On the other hand, the SRB assay refers to the cellular growth as this dye
binds to protein under midly acidic conditions, typically TCA-fixed cells,
and thus permits to quantify the cellular protein content which corre-
lates with the cell density [46].

From our results, no peculiar cytotoxicity was encountered for HT-29
and Caco-2 cells, as shown in the Figs. 5 and S6. Nevertheless, higher
concentration of OMP, i.e., 25 or 50 g ml 1 mediated a lower cell vi-
ability in HT-29 and Caco-2 cells. Regarding the MSNs, an interesting
systematic trend can be extracted, i.e., methyl-functionalized nanoparti-
cles seem generally to affect slightly more the HT-29 cells than the pure
ones. The most significant decrease (*p < 0.05) appears when com-
paring pure MCM-48 MSNs (around 110% cell viability) and DMSN*
(around 90% cell viability) (Fig. 5a). This observation is also valid for
Caco-2 cells (Fig. 5b). Besides, Caco-2 cells appear to be more sensitive
than the HT-29 cells. Unlike HT-29 cells, a concentration-dependant ef-
fect of the nanoparticles against Caco-2 cells seems to be drawn from the
SRB assay (Fig. S6b). In order to get deeper insights into any metabolic
activity dysfunctions after OMP and MSNs treatments, the mitochondria
of the Caco-2 cells were stained and their morphologies were further an-
alyzed.
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Fig. 5. Alamar Blue in vitro cytotoxicity assays of (a) HT-29 and (b) Caco-2 cells.
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3.2.2. Morphological characterization of the Caco-2 mitochondria

If not the most important constituent of cells, the mitochondria play
undeniably a crucial role in the cellular activity as metabolic reactions,
e.g., oxidative phosphorylation, Krebs cycle and cell apoptosis are con-
ducted in this organelle [47]. Any dysfunctions or mutations will lead to
severe diseases like diabetes, neurodegenerative disorders or mitochon-
drial myopathy, for example [48]. Their structure includes an array of
membranes, well interconnected by tubular structures of varying length,
i.e., the cristae junction or contact site , that separates the mitochon-
drial matrix from the external cellular environment. Mitochondria are
dynamic systems that undergo fusion and fission to sustain DNA mito-
chondrial synthesis, cell cycle progression and metabolic regulation. Any
alterations originating from physiological changes or pathological mu-
tations would change the mitochondrial organization from branched to
fragmented [49]. A parallel between abnormal inhibition of the mito-
chondrial fusion and fragmentation of the network was made and can
lead to cell apoptosis [50].
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In our studies, the mitochondria of control Caco-2 cells were com-
pared to the cells treated with solvent control (DMSO), OMP 50 g ml 1
and 40 gml ! of pure DMSNs or DMSN*, in terms of mean and maxi-
mum branch length, number of branches and junctions. The results, to-
gether with examples of the fluorescent images used, are compiled in
Fig. 6. From a pure qualitative observation, some morphological differ-
ences in the fluorescent images between the treatment conditions could
be observed. In control conditions, an articulate mitochondrial network
could be clearly seen in Caco-2 cells. In cells incubated with OMP, a
transition toward a more compact assembly of the organelles was vis-
ible. Differently, Caco-2 cells treated with pure DMSNs and DMSN*
ressemble more the control cells with extended filaments of mitochon-
dria. This observation, yet being only visual, is actually well aligned
with the different parameters determined by image analysis. Indeed, it
can be seen in Fig. 6 (f, g), that the mean and maximum branch length
as well as the number of branches and junctions for DMSNs and DMSN*
are, in all cases, as high as the control cells, contrary to the OMP treat-
ment, for which all these parameters show a trend toward decrease. In-
deed, this observation is also in line with recent literature describing
the mitochondria as targets of the proton pump inhibitor esomeprazole
[51]. No significant differences have been observed between pure DM-
SNs and DMSN*. In definitive, the informations extracted from the mito-
chondrial morphological assessment suggest that DMSO and OMP treat-
ments could modify of the mitochondrial network, i.e., reduced branch
length, number of branches and junctions, unlike the treatments with
MSNs. Therefore, it is important to know that the use of MSNs might
not cause any mitochondrial damages, at least at the concentrations in-
vestigated, which could lead to severe consequences as discussed above.
To bring our toxicological profiling to the next step, a time-concentra-
tion-cell type dependent test has been designed.

3.2.3. Omeprazole, pure DMSNs and OMP-loaded DMSNs effects on HCEC
and Caco-2 cells

Since our system is dedicated to oral drug delivery, the drug loaded
MSNs being released in the intestinal region would be in contact with
healthy cells like epithelial intestinal cells. Therefore, neither the model
drug, the MSNs nor the combination of the two (drug loaded DMSN,
DMSN-OMP) should harm these cells while permeating across the in-
testinal barrier. The AB and the SRB tests allowed us to monitor kinet-
ically the viability of HCEC and Caco-2 cells after treatments of pure
DMSNss at particle concentrations 100 and 200 g ml !, OMP at concen-
trations 25 and 50 g ml ! and the drug-loaded DMSNs with equivalent
concentration of OMP, i.e., 25 and 50 g ml 1. The results are compiled
in Fig. 7.

Considering the AB assay first, whether it is 100 or 200 gml !, pure
DMSNs show no cytotoxicity against both Caco-2 and HCEC cell lines,
i.e., approximately 100% of cell viability was recorded at all time pe-
riods. Interestingly, after 30 min, OMP confined in DMSNs seems to be
less cytotoxic than pure OMP, this effect is indeed particularly visible
with the non-tumorigenic HCEC cells (***p < 0.001). For example, af-
ter 30 min, the viability of HCEC cells treated with 50 gml ! of OMP
is around 80% whereas it is 100% for DMSN-OMP at equivalent con-
centration of OMP. This 20% difference between OMP and DMSN-OMP
can be observed until 8 h. However, after 24 h of treatment, the via-
bility decreases to 75 or 66% for HCEC cells exposed to DMSN-OMP
with either 25 or 50 gml ! of OMP, respectively. This cytotoxicity
might originate from the fact that DMSNs are taken up by the cells
and carry higher concentration of OMP intracellularly, the cells are ex-
posed to the maximum concentration of OMP leading to higher toxicity
(cf. Fig. 8) [52]. It is worth mentioning that the Caco-2 cells seem to
be slightly more resistant to the drug than the HCEC, e.g., at 8 h the
Caco-2 viability after OMP treatment is 92 vs 81% for the HCEC; a sim-
ilar behavior was already described in the response of HCEC and HT-29
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(g) the number of branches and junctions obtained using a MiNA toolset run on ImageJ. Mean *+ SE (n = 3).

to food-contaminant mycotoxins and it is probably to be expected for equivalent to 50 g ml !) after 24 h incubation correlating well the AB

tumorigenic and non-tumorigenic cells [34]. Finally, the SRB test of assay. For the Caco-2 cells, the same conclusion can be drawn with
the HCEC shows 100% cell growth up to 8 h and a significant dif- higher significant gap.
ference is observed between DMSN-OMP and free OMP (concentration

82



Chapter 4 - Results

E. Juére et al.

(a)

150 4

100 4

CELL VIABILITY (%)
3
!

0.5 3 8

Time (h)

(c)

150 4

100 4

CELL VIABILITY (%)
g
I

3 8

Time (h)

24

Fig. 7. In vitro cytotoxicity assays of (a, b) Alamar Blue of Caco-2 (left) and HCEC cells (right) and (¢, d) SRB of Caco-2 (left) and HCEC cells (right). Mean = SD (n = 4).

CELL VIABILITY (%)

(d)

CELL VIABILITY (%)

European Journal of Pharmaceutics and Biopharmaceutics xxx (Xxxx) XXx-XXX

HCEC

150 4

100 4

@
3
!

Legend (a-d):

[ |pmsN100u
I omsN 200 u
I ovP 25 u
I ove s0u
EI5 omsn-omp 25
.. DMSN-OMP 50 u

05 3

Time (h)

8

24

150 4

x

100

a
3
!

3 8

Time (h)

24

. *5p < 0.01,

***p < 0.001 and ****p < 0.0001 express significant difference (one-way ANOVA and Fisher test).

This is an unprecedented proof of the advantages that MSNs repre-
sent: (1) upon progressive release of the drug, cytotoxicity thresholds
stay uncrossed in the period of the absorption, in other words, the cells
are not exposed to the full concentration at once, and (2) no DMSO is re-
quired; consequently in both cases, less cytotoxic effects are generated.
Nevertheless, from our results, long-term exposure, i.e., 24 h, of the cells
to drug-loaded MSNs provoked a higher degree of cytotoxicity. For fur-
ther development in the oral delivery of MSNs, it might be an issue as
clearance kinetic processes are, as of now, not yet fully understood, es-
pecially in vivo.

3.3. Drug release/dissolution experiments

To begin with, as it can be noticed in the Fig. 8, the release of
OMP in pH 1.2 from the DMSN-based tablet is 3 times lower than
from BL-OMP, i.e., after 2 h only around 10% of OMP is released from
BL-DMSN-OMP whereas around 30% is released from BL-OMP. There-
fore, owing to the addition of MSNs in the formulation, the resulting
tablets could satisfy the USP requirements which state that 10% is the
upper limit for the release of drugs in gastric environment [53]. Then,
at pH 7.4, the release of OMP from BL-DMSN-OMP tablet was, up to 8 h,
higher than BL-OMP (Fig. 8b) and finally reached a plateau at 24 h.
For MSNs-based tablets, the release rate depended on the functional-
ization of the nanoparticles. Indeed, the release was lower in the case
of methylated DMSNS, i.e., 55% for BL-DMSN*-OMP after 8 h against
almost 80% for BL-DMSN-OMP (see Fig. S7c and e). Few hypotheses
can be generated to explain such results: (1) the fraction of crystalline
OMP remaining in the methylated MSNs, as discussed above, is not sol-
ubilized and decreases the release, and (2) due to hydrophobic interac-
tions, the density of methylated MSNs per microparticle of BL, as shown
by SEM images presented in Fig. 4, is higher than pure MSNs, there-
fore, at acidic pH, when BL forms a gel, the nanoparticles are more
individually embedded in this gel in comparison to pure nanoparti-
cles, which might be present rather as a group of nanoparticles in the
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gel. Apart from the functionalization effect, there seems to be a non-sig-
nificant pore size effect since the release from BL-DMSN-OMP is only
slighly higher than BL-MCM48-OMP (see Fig. S7), i.e., 76 and 65% after
4 h at pH 7.4, which can be due to higher diffusion of OMP in the larger
pores of DMSNs. However, a reverse trend was obtained for methylated
MSNs, i.e., 46 and 38% of release was measured for BL-MCM48*-OMP
and BL-DMSN*-OMP, respectively. In this case, it might not be a matter
of diffusion but rather due to the fraction of crystalline OMP remaining
in these two methylated cases.

4. Conclusion

In this study, we investigated the cytotoxicity of two families of
MSNs, MCM-48 MSNs and dendritic-type MSNSs, either pure or func-
tionalized with methyl groups, against HT-29 and Caco-2 cells. Al-
though, no cytotoxicity was revealed for OMP and the pure MSNs,
the methyl-functionalized MSNs, MCM-48* and DMSN*, systematically
mediated higher cell mortality. The mitochondrial morphology of the
Caco-2 cells seemed to be less affected by the presence of the pure DM-
SNs than the methyl-functionalized DMSNs which is agreement with
the latter observation. Nevertheless, when treated with OMP, the mean
and maximum branch lengths and the number of branches and junc-
tions of the mitochondria were always lower than all the other treat-
ments which might indicate a slightly lower tolerance against the com-
pound of interest. Furthermore, the design of a time-concentration-cell
type dependant test permitted to observe a pertinent effect of the pro-
gressive release of OMP upon confinement inside DMSNs. While both
HCEC and Caco-2 cells showed toxicity to OMP treatment after 30 min,
this effect was abolished for OMP encapsulated inside DMSNs up to
8 h. Finally, the smart addition of BL in the formulation of MSN per-
mitted to satisfy the USP requirements which state that 10% is the up-
per limit for the release of drugs in gastric environment. After the gas-
tric step, the elution of OMP at near neutral pH from the DMSNs was
higher than the MSN-free formulation owing to the nanopore confine-
ment effects. Taken all together, our results present solid foundations
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on which we would rely on for further in-depth in vitro/in vivo studies.
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Table S1: Physico-chemical parameters of the pure, functionalized materials obtained from the N2 physisorption
analysis and mass loss of methylsilane and omeprazole determined by thermogravimetric analysis considering the

temperature range 100-700 °C (see TGA profiles in the Figure S2).

SBET Vp Pore size TGA
Material OMP
m? g1 cm3 g1 nm % %
MCM-48 Pure 1140 0.87 3.4 - 19.4
* (CH3) 966 0.53 3.2 6.3 24.3
DMSNs Pure 654 1.30 9.4 - 20.0
* (CH3) 485 1.08 9.3 5.6 23.7
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Figure S1: Solubility of omeprazole at pH 1.2 and 7.4 from a saturated solution (10 mg ml-1)

measured after 48 h.
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Figure S2: DSC profiles of (a) omeprazole and (b) methyl-functionalized MCM-48 MSNs and DMSNs; Mass loss
profiles of the functionalized and drug loaded MCM-48 (c) and DMSN nanoparticles(d).
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Figure S3: Hydrodynamic diameters of the pure and methyl-grafted DMSNs and MCM-48-type MSNs (a) and zeta
potential values obtained in the pH range 3 - 7.4 by DLS (b).
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Figure S4: Wide angle XRD of pure omeprazole and omeprazole encapsulated inside
the different pure and functionalized nanoparticles.
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Figure S5: SEM images of (a, b) BL, (¢, d) omeprazole (e-h) BL and omeprazole mixed together.
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Figure S6: In vitro SRB assay of (a) HT-29 and (b) Caco-2 cells treated with pure
and methyl-functionalized MCM-48 and DMSN nanoparticles. Mean * SE (n > 3).
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Highlights

e MCM-48-type MSNs provide a nanosized environment altering the drug physical state
e Drug physical state depends on the functionalization of MCM-48-type nanoparticles

e pH-responsive lactoseric protein refrains drug release in simulated gastric fluid

e MCM-48-type MSNs enhance drug release in simulated intestinal fluid

e Repulsion of positively charged drug, MSN and BL provokes premature tablet collapse

Abstract

The recent pharmaceutical interest toward confinement effects on the physical state, solubility
and release of drugs has paved the way to new material designs for drug delivery. Deeper
understanding on how the pore size or the additional functionalities of the nanocarriers can
influence the bioavailability of the cargo is nonetheless needed to explore further the potential of
nanocarriers in this area. Through the combination of pure or amino-functionalized MCM-48-type
mesoporous silica nanoparticles (MSNs) and succinylated beta-lactoglobulin as a protein

excipient, we developed versatile tablets for the oral delivery of resveratrol and omeprazole. pH-
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gating properties of the protein excipient refrained resveratrol from elution in simulated gastric
fluid and owing to effective nanopore confinement, increased release in simulated intestinal
conditions was successfully achieved. Specific effects of positively charged MCM-48-type
nanoparticles on the stability of the protein tablets were encountered and appeared to be drug

dependent.

Introduction

The demand for performant formulations has increased with the idea of replacing intravenous
injections by oral drug delivery as alternative treatments to major diseases of our time, e.g.,
cancer, neurodegenerative diseases or diabetes. Yet, challenges remain because of the limited
bioavailability of drugs transiting through the gastro-intestinal tract (GIT) originating from acidic
or enzymatic degradation, poor solubility in intestinal fluid and limited permeability across the
epithelium barrier.[1] Two model drugs can be given as representative examples: resveratrol, a
naturally occurring polyphenol, is hampered by poor aqueous solubility and chemical instability,
and omeprazole, a gastric ulcers inhibitor highly prone to decomposition in the gastric fluid.[2,3]
Without proper formulation, these two molecules show limited oral bioavailability which reduces
drastically their therapeutic efficacy. Existing marketed formulations are manufactured with pH-
responsive enteric coatings that refrain/suppress the release of the drug in the stomach and upon
dissolution of the capsule at near neutral pH, the drug is released in the intestine. While these
coatings ensure protection of the drug against acidic decomposition, solubility and permeability
issues remain.[4] With the recent development of nanocarriers, modulation of the
physicochemical properties of the drugs through their confinement within nanopores (pore size
<100 nm) has emerged as one promising pathway to increase the solubility and permeability of
drugs via a change in the physical state from crystalline to amorphous.[5-7] Additional features
of MSNs such as their particle morphology, their particle size and their functionalities, are also
suspected to play a role in the cellular uptake of the nanoparticles.[8] For example, smaller MSNs

are suspected to permeate more easily through the membrane, although contradictory reports
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can be found in the literature.[9,10] On the other hand, the transcellular transport of MSNs
carrying the drug can be modulated upon functionalization with a variety of chemical groups, e.g.,
thiol, methyl, amine, polyethylene imine, polyethylene glycol.[8-12] As suggested in the literature,
the presence of these functions affects the charge of the resulting MSNs and thus the release of
drugs in aqueous solution.[13,14] However, the impact of the functionality /charge of MSNs on the
stability of pH-responsive tablet has been, as far as we know, rarely explored and is of great
importance for further pharmaceutical developments.[15]

In a recent report, we demonstrated that the encapsulation into the pores of pure MCM-48-type
MSNs increased the saturated solubility and the in vitro release of resveratrol in aqueous solution
as compared to the non-encapsulated resveratrol.[16] Herein, we pursue our efforts toward the
oral delivery of sensitive (model) drugs and, to this aim, resveratrol- or omeprazole-encapsulated
MCM-48-type MSNs were tableted with a protein excipient, succinylated -lactoglobulin (BL) to
afford pH-responsive tablets. Unlike previously reported work where BL was conjugated to the
MSN surface [17], in this contribution the external surface of MCM-48-type MSNs is free, allowing
also methyl or amine groups to be anchored through post-synthesis grafting to yield hydrophobic
or positively charged surfaces, respectively. In this study, we especially compare the physical state
of resveratrol (RES) confined in differently functionalized MSNs, and the in vitro release of this
drug from BL-based tablets in simulated gastric and intestinal fluids. Moreover, we evidence the
charge effects of the pure or functionalized MCM-48-type MSNs and the drugs, i.e., resveratrol and

omeprazole, on the stability of the BL tablet at the acidic stage.

Experimental section

Materials and reagents. Cetyltrimethylammonium bromide (CTAB, 99%), Pluronic F127
(EO106P070EO106), tetraethylorthosilicate, (TEOS, 99%), 3-aminopropyltriethoxy silane (APTS,
99%), hexamethyldisilazane (HMDS, 99%) and omeprazole were purchased from Sigma Aldrich.
50 % succinylated B-lactoglobulin was supplied by Aventus Innovations (Levis, QC, Canada).

Trans-resveratrol (99%) was obtained from MegaResveratrol (USA).
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Synthesis of mesoporous silica nanoparticles (MSNs). MCM-48-type nanoparticles were synthesized
by adapting a procedure previously reported.[18] Briefly, 1 g of CTAB and 4 g of Pluronic F127
were dissolved in 298 ml of NH4OH (2.8 wt %)/EtOH = 2.5: 1 (v/v). Then, 3.6 g of TEOS was added
and the solution was vigorously stirred (1000 rpm) for 1 min. The mixture was aged under static
conditions at room temperature for 24 h and recovered by centrifugation (20 min, 10000 rpm).
Afterwards, the resulting white solid was washed twice with 250 ml of water and dried in air at
60 °C overnight. Finally, the resulting product was calcined (550 °C, air, 5 h) to afford pure MCM-

48 MSNs, noted MCM-48.

Functionalization of the MSNs with APTS or HMDS. Briefly, 1 g of MCM-48 MSNs were suspended
in 50 ml of anhydrous toluene for 2 h under continuous stirring and N, atmosphere. Then, either
1 ml of APTS or 3 ml of HMDS was added and the solution was kept at 80 °C under continuous
stirring overnight. Finally, the products were recovered by centrifugation (10000 rpm, 15 min),
washed with toluene and EtOH and dried at 80 °C overnight. The resulting products are named

MCM-48-N or MCM-48* for the functionalization with APTS and HMDS, respectively.

Encapsulation of resveratrol. Resveratrol (75 mg) was placed in a rotary evaporation flask and
dissolved in ethanol (30 ml) using an ultrasonic bath (RT, 5 min). Then, 300 mg of either MCM-48,
MCM-48-N or MCM-48* MSNs were added to the solution and further dispersed in an ultrasonic
bath (room temperature (RT), 5 min). The solvent was slowly evaporated with a rotary
evaporator (Buchi rotary evaporator, Interface 1-100) at 35 °C until dried powder could be
observed in the flask. Then, the resulting products were dried at 50 °C overnight in an oven.
Similar method was used for the encapsulation of omeprazole in MCM-48-N except that
omeprazole was dissolved in acetone (30 ml). The loaded MSNs are labeled as follows: MCM-48-

RES, MCM-48-N-RES, MCM-48-N-OMP and MCM-48*-RES.
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Materials characterization. Powder X-ray diffraction (PXRD) measurements were performed
using a PANalytical Empyrean diffractometer (Malvern PANalytical, UK) in reflection geometry
(Bragg-Brentano HD) using Cu Ka+2 radiation operated at a voltage of 45 kV, a tube current of 40
mA, with a fixed divergence slit of 0.05 mm. The measurements were performed in a continuous
mode with a step size 20 of 0.01313° and a time per step of 198.645 s. For the transmission
electron microscopy (TEM) images, a suspension of the MSNs (4 ul) was deposited on a carbon-
coated copper grid and images were taken with a Philips CM200 at an accelerating voltage of 200
keV. N, physisorption isotherms were measured at-196 °C (77 K) using an Autosorb-iQz sorption
analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the analysis, the pristine
MSNs were outgassed 10 h at 150 °C, the functionalized MSNs 12 h at 80 °C and the drug loaded
MSNs 20 h at 35 °C. The specific surface area (Sger) was determined using the Brunauer-Emmet-
Teller (BET) equation in the relative pressure range 0.05-0.2 for the pure MCM-48 MSNs, this
range was adjusted to 0.05-0.1 for MCM48-N and MCM-48* The total pore volume was
determined at P/Po = 0.95. The pore size distributions were calculated using the non-local density
functional theory (NLDFT) method considering a model of silica with cylindrical pores. Dynamic
light scattering (DLS) experiments were performed on a Malvern DTS Nano Zetasizer 173° in
order to measure the size and the zeta potential of the different MSNs (equilibrium time set at 3
min, 3 measurements for each sample). The samples were dispersed in water, shaken and
sonicated prior to the analysis. The zeta potentials were measured over the pH range 3 - 7.4 using
a titrator coupled to the Malvern DTS Nano Zetasizer. Thermogravimetric analyses (TGA) were
performed with a Netzsch instrument (STA 449-F3 Jupiter) under an airflow of 20 ml min- with
a heating rate of 10 °C min-t, from 40 to 700 °C. Solid-state NMR spectroscopy analyses of the
functionalized MSNs were performed on a Bruker AVANCE NEO 500 wide bore system (Bruker
BioSpin, Rheinstetten, Germany) using a 4 mm triple resonance magic angle spinning (MAS)
probe.

The resonance frequency for 13C was 125.78 MHz and 99.38 MHz for 29Si, and the MAS rotor

spinning was set to 14 kHz for 13C and 8 kHz for 29Si. Cross-polarization (CP) experiments were
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achieved by a ramped contact pulse with a contact time of 2 ms for 13C. During acquisition, H was
high power decoupled using SPINAL with 64 phase permutations. The chemical shifts for 13C are
reported in ppm and are referenced external to adamantane by setting the low field signal to 38.48

ppm and to 4,4-dimethyl-4-silapentane-1-sulfonic acid for 13C and 29Si respectively.

Preparation of tablets with and without MSNs. The tablets were directly compressed using a single
punch press (PerkinElmer). MSNs-free tablet is composed of 20 mg of RES and 200 mg of BL.
MSNs-based tablets are composed of 100 mg of drug-loaded MSNs and 200 mg of BL. Prior to the
compression, the powders, ie, BL with either the free drug or the drug-loaded MSNs, were
physically mixed together. The tablets of resveratrol are named BL-RES, BL-MCM-48-RES, BL-
MCM-48-N-RES, BL-MCM-48*-RES and a tablet of omeprazole was used for comparison purpose

and is labeled BL-MCM-48-N-OMP.

Dissolution studies. Dissolution tests were performed using pH 1.2 and 7.4 with an initial
concentration of resveratrol or omeprazole of 44 pug ml-L. It should be noted that with this initial
concentration, the sink conditions are only respected in the case of omeprazole as its aqueous
solubility is around 300 pg ml-t, resveratrol having an aqueous solubility around 30 pg ml-1. The
solution at pH 1.2 was prepared using 2 g of NaCl, 7 ml of HCI (37 %) and 11 of distilled water. For
the solution at pH 7.4, 6.8 g of KH2PO4 was dissolved in 250 ml of distilled water and then 190 ml
of NaOH 0.2 M and 400 ml of distilled water were added. The pH was adjusted using NaOH 0.2 M
and the volume was completed to 1 1 with distilled water. For each dissolution test, 450 ml of
medium was introduced into a 500 ml Erlenmeyer, subsequently placed inside an incubator set
at 37 °C. Stirring at 300 rpm was allowed prior to the addition of the tablets. Each test was
performed as follows: the tablets were placed 2 h at pH 1.2, then the tablets were taken out and
directly placed in 5 ml of phosphate buffer saline (PBS) for few minutes to prepare the media at
pH 7.4. Once transferred in pH 7.4, the test continued for the next 24 h. Aliquots of 1 ml were taken

out at adequate period of time and replaced by 1 ml of the fresh medium to maintain the same
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volume. The concentration of drugs released in both media was quantified using UV-Vis
spectroscopy (Onda Spectrometer; RES: A = 305 nm; OMP: A = 284 nm at pH 1.2 and A = 298 nm

at pH 7.4). All the tests were performed in triplicates.

Results and discussions

Characterization of the starting MSNs.

MCM-48-type MSNs have a well-defined spherical particle morphology as confirmed with the TEM
images depicted in Figure 1a. The cross-sectional electron density profile presented in Figure 1b
shows two steep losses of intensity which correspond to the absorption of the electrons by the
MSNs. Within this region, i.e.,, where the nanoparticles are located, several peaks of increased

intensity can be distinguished and are assigned to the pores of the MSNs, i.e., where the electrons
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80 100
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Figure 1: (a) TEM image of the pure MCM-48-type MSNs; (b) Electron density profile associated to the cross-section
indicated in blue in the TEM image; (c) Hydrodynamic diameters of the different MSNs in water measured by DLS; (d) Low-
angle PXRD measurements of MCM-48-, MCM-48-N- and MCM-48*-type MSNs.
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Table 1: Physicochemical parameters of the pure, functionalized, and drug-loaded MCM-48-type MSNs. Obtained from @
physisorption analysis and b TGA.

Sper? Vpa Pore size2 Mass lossb

m2 gt cm3 gt nm %
MCM-48 1140 0.87 3.4
MCM-48* 966 0.53 3.2 5
MCM-48-N 784 0.41 2.9 12
MCM-48-RES 645 0.51 3.4 22
MCM-48*-RES 683 0.46 3.2 27
MCM-48-N-RES 46 0.12 - 29
MCM-48-N-OMP 73 0.12 - 29

passed through without being absorbed. A particle size of approximately 160 nm can be
determined through TEM but when dispersed in water, the diameter of the MSNs increases owing
to the hydration sphere formed in aqueous colloidal suspension, as shown in Figure 1c. The pure
and the methyl-functionalized MSNs have a hydrodynamic diameter around 260 nm in water and
form a stable colloidal suspension. However, bigger agglomerates at around 530 nm are detected
in the suspension of MCM-48-N and affect the aqueous colloidal stability. This originates from the
electrostatic attraction between positive amine and free silanol groups remaining at the surface
of MSNs. With the use of PXRD, the ordered porous network of these MSNs belonging to the cubic
Ia3d symmetry could be confirmed. As it can be seen in Figure 1d, the reflections of the (211) and
(220) plans are well resolved whether the MSNs have been functionalized or not, however, the
higher order reflections are only distinguished for the native MCM-48 MSNs. Following the
functionalization of the pure MCM-48-type MSNs, typical decreases of the pore size, pore volume
and specific surface area were observed in comparison to the native MCM-48-type MSNs, as seen
in Table 1. TGA revealed higher mass loss when amine groups are attached to the materials
surface than for methyl groups, with calculated values of 12 and 5 wt%, respectively.
Consequently, the decrease of porosity is more important in the case of MCM-48-N than for MCM-
48*. The chemical structure of the anchored groups might support this observation as APTS silane

has propyl chains which are longer than single methyl groups of HMDS silane. The carbons from
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Figure 2: 13C CP (top) and 24Si direct observation (bottom) solid-state MAS NMR spectra of MCM-48-N (a, c) and MCM-48*-type
MSNs (b, d).
the propyl chains of APTS and the methyl groups of HMDS were detected through solid-state
CP/MAS NMR spectroscopy at chemical shifts of 9, 23 and 42 ppm for APTS and 0.9 ppm for HMDS,
as viewed in Figure 2a-b. In case of the grafting of MSNs with APTS, resonance peaks of T2 (=
Si(OEt)((CH;)3NH,)) and T3 species (= Si((CH,)3NH;)) appeared in the 29Si MAS NMR spectra
(Figure 2c) at chemical shifts of -59 ppm and -66 ppm, respectively. For HMDS, M species, i.e.,

—Si(CH3)3, can be recognized at -14 ppm (Figure 2d).[19]

Characterizations of the drug-loaded MSNes.

Upon loading of resveratrol, the decrease of porosity seemed to depend on the nature of the
surface (see Figure 3). For example, loading of resveratrol in MCM-48-N has resulted in almost
complete filling of the pores, as visible by the N; adsorption-desorption isotherms and the
respective pore size distributions presented in Figure 3b. Differently, the porosity of MCM-48*

was the least affected by the drug loading as only a slight shift in the volume of N, adsorbed was
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Figure 3: Nz adsorption-desorption isotherms measured at 77 K with the corresponding pore size distributions of the starting
and the drug-loaded (a) MCM-48, (b) MCM-48-N and (c) MCM-48*

determined as shown in Figure 3c. The pores of MCM-48-RES are also still well accessible, which
is in line with our previous report (Figure 3a).[16]

To get insights into the physical state of resveratrol-confined MSNs, DSC analyses were recorded.
As seen in Figure 4a, the melting temperature of crystalline resveratrol is characterized by an
endothermic peak appearing at approximately 275 °C. This peak was found only when resveratrol
was encapsulated into methyl-functionalized MSNs, i.e., MCM-48*-RES, while none of the pure
MCM-48- or amine-functionalized MSNs displayed this endothermic process. Thus, it can be
suggested that a crystalline fraction remains in MCM-48*-RES and that the amorphization
phenomenon, generally occurring in a restricted space is, to a certain extent, reduced by
“unfavorable” chemical interactions, hydrophobic interactions in the present case. Despite the
presence of the amine groups, MCM-48-N seemed to behave as pure silica MSNs in this context,
whether it is for resveratrol or omeprazole, as no endothermic peaks were revealed in the DSC
analysis of MCM-48-N-RES or MCM-48-N-OMP (Figure 4c). The mass loss profiles of the drug-
loaded MCM-48-type MSNs are presented in Figure 4b and 3d and the drugloading was calculated

in the temperature range 100-700 °C.

In vitro dissolution comparison.
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Figure 4: DSC profiles with the corresponding mass loss profiles generated by TGA (a, b, respectively) of resveratrol-

loaded MCM-48-type MSNs, and (c, d) the starting MCM-48-N and omeprazole- encapsulated MCM-48-N-type MSNs.
In order to correlate these differences in the physical state of the confined resveratrol with its
dissolution in aqueous media, drug release tests were conducted, and the results are presented in
Figure 5. Based on the literature, a burst drug release from pure MSNs is expected; a modulation
of the release rate can be achieved through the functionalization of the MSNs but essentially, for
oral solid dosage of resveratrol and omeprazole, a pH-gating system is necessary.[20] Therefore,
after loading of resveratrol in MCM-48-, MCM-48*- and MCM-48-N-type MSNs, the resulting
products were tableted with BL. A complete study on the encapsulation and release of omeprazole
is available elsewhere, and here omeprazole was loaded in MCM-48-N-type MSNs for comparison
purpose only.[21] As seen in Figure 53, in the first 2 h at pH 1.2, the release of resveratrol from all
the tablets was considerably low, i.e., < 10 %, which permitted to ensure that the majority of the

cargo stayed in the tablets. After the transfer to simulated intestinal pH, the tablets eroded and as
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seen in the dissolution profile, resveratrol started to be eluted. While in the beginning, the
cumulative release was comparable between all formulations, albeit a release rate a bit higher is
observed for BL-MCM-48*-RES, more pronounced differences appeared clearly after 8 h. The
release of resveratrol from the MSNs free tablet, ie, BL-RES, was around 20 % at 8 h.
Contrastingly, around 45 % of resveratrol was eluted from BL-MCM-48-RES at 8 h, more than
twice the release of resveratrol from BL-RES, and it continued to increase up to 70 % after 24 h.
Hence, among these 3 tablets, the one based on pure (non-functionalized) MCM-48-type MSNs
was the most performant one as the dissolution of resveratrol at simulated intestinal pH was
increased 3-fold in comparison to BL-RES, supporting the interest of the addition of the MSNs in

the formulation.[22] Moreover, these results correlated well with the DSC analyses showing a
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Figure 5: Release of the drugs from BL tablets of (a) the pure MCM-48- and methyl-functionalized-MCM-48-type MSNs and (b)the
amino-functionalized MCM-48-type MSNs after 2 hin pH 1.2 followed by pH 7.4 until 24 h (the dotted line indicates the change in

pH zone); Zeta potential profiles of (a) the drugs and BL (noted BL50%, i.e, succinylated protein) and (b) the MCM-48-type MSNs
measured by DLS.

108



Chapter 4 - Results

remaining crystalline fraction in MCM-48*-RES that is suspected to decrease the release of the
drug in aqueous media. Using amino-functionalized MSNs, not only does the release profile differ,
the stability of the tablets at pH 1.2 reached also some limitations depending on the drug used, i.e.,
resveratrol or omeprazole. On one hand, refrained elution of resveratrol (< 5 %) from BL-MCM-
48-N-RES in the acidic stage was consistent with the performances of the other tablets, i.e., BL-
RES, BL-MCM-48*-RES and BL-MCM-48-RES; these results are also well in line with our previous
study, in which we have successfully evidenced the ability of pure or methyl-functionalized MCM-
48-based tablets to avoid the acidic release of omeprazole (< 10 %).[22] On the other hand, the
MCM-48-N-based tablet failed in reducing the release of omeprazole in acidic medium, as around
50 % was already dissolved after 2 h at pH 1.2. Our hypothesis is that a high repulsion of positively
charged drug-loaded MSNs and BL caused the undesired premature erosion of the BL-MCM-48-

N-OMP tablet.

Charge effect investigations.

To confirm the above-mentioned assumption, zeta potentials of the different components were
recorded over the pH range 3-7.4 and the results are presented in Figure 5 (c, d). Owing to the
functionalization with amine groups, MCM-48-N-type MSNs show a positive charge around + 30
mV at pH 3 and an isoelectric point (IEP) of 8, whereas pure MCM-48 and MCM-48* had an overall
charge of around + 10 mV at this pH and an IEP of 3.5 and 3.7, respectively. As for BL, the charge
flipped from +20 mV at pH 3 to lower than - 40 mV at a pH above 5, thus the IEP is around 4 which
is in line with previous report.[23] Although, zeta potential measurements are dedicated to
colloids, recently their uses have been extended to the elucidation of the pKa and the ionization
behavior of natural and synthetic polymers in solutions of varying pH. [24,25] With similar
objectives, we have correlated zeta potential profiles of omeprazole and resveratrol, as depicted
in Figure 5c, with pKa values in order to predict ionization behavior/charges of these two drugs

in solution.
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Theoretically, omeprazole can accept one proton on the N atom of the benzimidazole ring (pKa: =
-0.21) and a second one on the N atom of the pyridine group (pKaz = 3.98) which means that below
pH ~ 4, omeprazole is ionized and should have a positive charge (see Figure 6a). This is in good
agreement with the zeta potential profile since omeprazole has a positive charge of +33 mV at pH
3 and remains positive until pH ~ 5. As the pH increases toward basic pH, a negative charge is
observed, ie., ~ - 40 mV, which corresponds to the deprotonation of the N atom of the
benzimidazole ring (pKas = 8.7).[26]

In the case of resveratrol, it acts rather as a weak acid: its ionization is driven by three steps, i.e.,
pKa; = 8.8, pKa; = 9.8 and pKaz = 11.4 (Figure 6b).[27] At pH < pKa;, the unionized form
predominates which contradicts slightly the zeta potential profile. Indeed, at pH 3, resveratrol has
a positive charge of about +20 mV and a negative charge appears at pH > 5.5. The reason can be
that due to their hydrophobicity /poor aqueous solubility (log P > 0), resveratrol and omeprazole
are likely to form particles/aggregates in an aqueous solution under saturated condition,
therefore their theoretical ionization behavior might differ from their zeta potential profiles. From
both theoretical ionization behavior and experimental zeta potential analyses, omeprazole has a
higher positive charge at acidic pH than resveratrol, therefore this could lead to pronounced
repulsions and premature erosion of BL-MCM-48-N-OMP at the acidic stage. This behavior was
not encountered for BL-MCM-48-N-RES due to lower charge effects of resveratrol. It might also

be explained by the formation of a resveratrol-BL complex stabilized by hydrophobic interactions:

$ pKa,
H

H HyC 0o—CcH, Resveratrol

Omeprazole * pKa, ,

Figure 6: Chemical structure and theoretical protonation/deprotonation of (a) omeprazole and (b) resveratrol.

110



Chapter 4 - Results

upon succinylation, the protein unfolding occurs and tends to expose the hydrophobic cavity of
the protein which is composed notably of tryptophan residues implicated in the interactions with
resveratrol.[28-30] Therefore, despite the overall positive charge, these interactions would
indeed contribute to consolidate the tablet. It has to be highlighted that the influence of charged
drugs on the overall zeta potential of nanoparticles/nanocarriers has only been investigated for
liposomes, and the consequence that this may have on the stability of the final formulation has

rarely been reported in the literature.[31-33]

Conclusion

Through the use of a versatile oral delivery platform based on the combination of a pH-sensitive
protein and drug-loaded MSNs, several useful findings have been generated. The functionalities
anchored at the surface of MCM-48-type MSNs, i.e., amine or methyl groups, affected the porosity
of the resulting drug-loaded MSNs, the physical state of the confined drug and the release of
resveratrol in aqueous media. We revealed the undesired effect of additional positive charges
originating from the protonation of omeprazole on the stability of the omeprazole-amine-based
tablet, i.e,, BL-MCM-48-N-OMP, at the acidic stage (SGF). Differently, the protonation of resveratrol
at acidic pH being unfavorable, the reduced positive charge along with hydrophobic interactions
with BL prevented the premature erosion of the resveratrol-amine-based tablet, i.e., BL-MCM-48-
N-RES. Since pure-MCM-48- and methyl-functionalized MCM-48-type MSNs have lower zeta
potentials at acidic pH than amine-functionalized MCM-48, the resulting BL-MCM-48-RES, BL-
MCM-48*-RES and BL-MCM-48*-OMP[21] tablets were highly stable at pH 1.2. Within this
contribution, new insights into the synergistic effects of a pH-responsive protein, -lactoglobulin,
and MSNs pave the way toward efficient oral (nano)formulation of therapeutic agents. We point
out that the ionization behavior of drugs has to be taken into consideration when designing
platform for oral delivery and we believe that this work also provides foundations for the delivery

of more complex entities such as proteins, enzymes or siRNA.
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IV. Oral insulin dosage
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Abstract: Oral insulin administration still represents a par-
amount quest that almost a century of continuous re-
search attempts did not suffice to fulfill. Before pre-clinical
development, oral insulin products have first to be opti-
mized in terms of encapsulation efficiency, protection
against proteolysis, and intestinal permeation ability. With
the use of dendritic mesoporous silica nanoparticles
(DMSNs) as an insulin host and together with a protein-
based excipient, succinylated B-lactoglobulin (BL), pH-re-
sponsive tablets permitted the shielding of insulin from
early release/degradation in the stomach and mediated in-
sulin permeation across the intestinal cellular membrane.
Following an original in vitro cellular assay based on insu-
lin starvation, direct cellular fluorescent visualization has
evidenced how DMSNs could ensure the intestinal cellular
transport of insulin.
J

By 2045, the proportion of diabetic patients is expected to in-
crease by 51% worldwide and yet, the only marketed treat-
ment available is through subcutaneous injection of insulin on
a daily basis."’ For both Type 1 and 2 diabetes, the production
of insulin by the B-cells of pancreatic islets is either relatively
absent due to autoimmune reaction (Type 1) or inappropriate
to cover high blood glucose concentration due to the develop-
ment of insulin resistance by the body (Type 2). Hence, pa-
tients face hyperglycemia, with the symptoms associated to it,
and their threatened life relies on insulin delivery from external
sources. On top of the discomfort felt during needle injections,
complications like skin infections can occur® While these
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major drawbacks would be eliminated by oral administration
of insulin, it remains an issue that the pharmaceutical industry
is still challenged to tackle. The reason is that the oral bioavail-
ability is far from reaching subcutaneous injection levels, in
which 100% of the injected dose is immediately disponible in
the blood. Because of its high molecular weight, insulin is
scarcely bioavailable, the susceptibility to gastric and intestinal
proteolysis is high and the permeability across the intestinal
barrier, low. Hopefully, owing to the recent development of
smart drug (nano)carriers, the impact of these parameters on
the resulting oral bioavailability can be downgraded. For in-
stance, very recently, a self-orienting millimeter-applicator has
been developed to inject insulin through the gastric mucosa
and plasma concentration comparable to subcutaneous or in-
tragastric injection has been reported for the very first time."”
Even though this represents a major breakthrough, potential
chronic side effects such as mucosa perforation or body re-
sponse to a foreign millimeter-sized device have to be envis-
aged. Differently, owing to their nanometer-scale size, mesopo-
rous silica nanoparticles (MSNs) can simultaneously penetrate
the cellular epithelial membrane safely while carrying their pro-
tected cargoes.” More specifically, dendritic (i.e., dendrimer-
like) MSNs (DMSNs) offer customizable pores in the range 6-
20 nm, large enough to host insulin, and almost monodis-
persed particle size distribution in the range 50-100 nm, which
is small enough to navigate through the epithelial intestinal
barrier.”

Herein, we report the successful nanoconfinement of insulin
into the dendritic mesopores of DMSNs as a promising way to
significantly reduce the release/degradation in the stomach
(pH 1.2) and enhance the transport of insulin towards the in-
testine (pH 7.4).” DMSNs of various pore sizes have been de-
signed and a thiol-functionality was anchored on the free silica
surface as a potential permeation and mucoadhesion enhanc-
er” Highly reproducible loadings of insulin were achieved
through electrostatic attraction between the oppositely
charged insulin and DMSNs. The insulin-confined DMSNs were
then tableted with a pH-responsive whey protein, namely suc-
cinylated p-lactoglobulin (BL). The combination of DMSNs and
BL is essential to synergistically refrain the degradation at
pH 1.2 and enhance both the release at pH 7.4 and the cellular
transport of insulin. Fluorescent images provided evidence to
support the hypothesis that DMSNs are nanoparticles of
choice to overcome the permeation limitations faced by most
peptides and especially insulin. Finally, mechanistic insights
into the modulation of the in vitro metabolic activity of human
epithelial colon cells (HCEC) through the mediation of DMSNs
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have been gained using an insulin-containing/deprived experi-
mental setup.

The formation of DMSNs takes place at the interface of the
organic/aqueous phases during the synthesis. DMSNs of vari-
ous pore sizes have been obtained upon changing the nature
of the organic phase. As the organic solvent is suggested to
be located in between the alkyl chains of the CTAC surfactant,
it can be well understood that from a linear solvent (hexane)
to a cyclic one (cyclohexane) and further to an aromatic ring
(toluene), the in situ generated steric hindrance differs greatly,
which in turn permitted to precisely control the swelling of the
pores at the nanometer scale. N, isotherms supported this hy-
pothesis since from hexane to toluene, the condensation step
in the isotherms shifted to higher relative pressure upon in-
crease of the pore size (Figure 1d-e, Table S1, Supporting In-
formation). This evolution of the pore structure and the in-
creased particle size from DMSN-Hex to DMSN-Tol is also well
visible in the transmission electron microscopy (TEM) images
(Figure 1a—c). In addition, upon functionalization with thiol
groups, the porosity of the resulting DMSN-SH was reduced as
compared to the starting DMSN-Hex but the particle size did
not change (see Figure S1).

—— DMSN-Hex
—— DMSN-Cyclo
4K | —— DMSN-Tol

2k +1500m?g*

+750m2g?

0+
00 02 04 06 08 1.0
Relative pressure (P/P)

()

dVv (cm® g’ nm™)

Intensity (a. u.)
o

. \
1 10 100 1000 10000
Diameter (nm)

Figure 1. (a-c) TEM images of the DMSNs synthesized with either hexane
(DMSN-Hex), cyclohexane (DMSN-Cyclo) or toluene (DMSN-Tol); (d, e) Iso-
therms and respective pore size distributions obtained from N, physisorp-
tion analyses (—196 °C); (f) Particle size distribution of the DMSNs obtained
from dynamic light scattering (DLS) measurements.
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Considering the size of insulin and the pore sizes of the
DMSNs, both smaller and larger pore size platforms, i.e.,
DMSN-Hex and DMSN-Tol, respectively, were selected (Fig-
ure S2a). The optimal pH of the loading was set to 4 as both
parts, i.e., insulin and the different DMSNs, have opposite
charges at this specific pH (Figure S2b). As a result, the favor-
able electrostatic attraction between the positively charged in-
sulin and negatively charged DMSNs® permitted to successful-
ly incorporate about 20 wt % of insulin into DMSN-Hex, DMSN-
Tol and DMSN-SH (Figures S3 and S4). Furthermore, owing to
the confinement of insulin inside DMSNSs, the diffraction peaks
originating from the semi-crystalline structure of insulin disap-
peared and were replaced by a typical amorphous ‘halo’ (Fig-
ure S5).

As depicted in the Scheme 1, either pristine insulin or insulin
confined into DMSN-Hex or DMSN-SH was further tableted
with the succinylated f-lactoglobulin protein in order to
obtain different pH-responsive formulations which were evalu-
ated for their ability to protect insulin at the acidic stage and

LU P

Succinylated BL  g) DMSN-Hex-Ins

Human Insulin Physical mixture

zZP:410mv

.@

BL-DMSN-SH-Ins

s‘.«u..yamg BL-Ins g

Physical mixture

Scheme 1. Scheme representing the loading of insulin inside DMSNs and
the formulation of the BL tablets for the release tests (ZP stands for Zeta-po-
tential).

releasing it, undegraded, in near neutral conditions. In addi-
tion, release profiles obtained with BL-DMSN-Tol-Ins, i.e., insulin
confined in larger pores of DMSN-Tol and mixed homogene-
ously with BL, and a layer-by-layer formulation approach are
reported as well and discussed in Figure S6 of the SI. Already
at the acidic stage, significant variation in the mean compari-
son could be observed between BL-Ins and BL-DMSN-Ins, as il-
lustrated in Figure 2 (a different representation of the release
profiles is available in SI, Figure S6a). While almost 40% of in-
sulin is eluted from the BL-Ins tablets after 2 h, only 5% was
released from BL-DMSN-Ins (**** p < 0.0001) and less than 10%
from BL-DMSN-SH-Ins. In addition to the pH-responsiveness of
BL, confining insulin into DMSNs has permitted to keep it in
the pores, undegraded. Since after the acidic stage, the intesti-
nal tract is normally reached, the same tablets were transferred
to pH 7.4. In the case of BL-Ins, a period of 4 h was required
for insulin to dissolve completely. Interestingly, for BL-DMSN-
Ins, the release profile can be divided into two sequences: a
slow sustained release in the first two hours, followed by a
faster one for the next two hours until ~80% release is ob-
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Figure 2. (a) Cumulative release of insulin from the different tablets im-
mersed 2 h at pH 1.2 and subsequently at pH 7.4. Data shown as mean =+ SE
(n=3), Significant difference express **p <0.01, ****p <0.0001, One-way
ANOVA and Fisher Test; (b—d) MS characterization of the released insulin or
the fragments of insulin at different time periods in correlation with their re-
spective proportion.

served after 24 h. The slow release observed within the first
2 h at pH 7.4 can therefore offer a window for the DMSNs to
transport, within their pores, the loaded insulin through the
epithelial barrier. A different release profile was obtained with
the thiolated-DMSNs tablets. Here, thiol groups were anchored
through post-synthesis grafting on the surface of DMSNs, as
they are believed to enhance the permeability of the nanocar-
riers.”? However, in addition to a poor release as compared to
BL-Ins and BL-DMSN-Ins (Figure 2a), the fragmentation of insu-
lin in its chain A, named Frag. 2 with a molecular weight of
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2377 Da and chain B, named Frag. 1 with a molecular weight
of 3431 Da, was witnessed and is supported by mass spec-
trometry (MS) data (Figure 2c-d).”) Once at pH 7.4, the tablets
started to erode and thiol groups present at the surface of
DMSN-SH deprotonate, and R-S™ species should predominate
under these conditions. Thereafter, the disulfide bond holding
the two chains of insulin together is likely to be reduced re-
leasing the two distinct chains. Although, thiol groups have
been investigated as permeation enhancer, according to our
results, their use would be at the cost of potential protein un-
folding which could lead to the loss of the pharmacological ac-
tivity.'” Thus far, this undesired reductive activity of thiolated-
nanocarriers has not been reported in the literature. Neverthe-
less, such an issue might be avoided through the replacement
of the original disulfide bond with a diselenide bridge which
was shown to be resistant against reduction.™

Once they have reached the intestinal lumen, DMSNs would
have to carry insulin across the epithelium. Various pathways
can be followed by the nanoparticles to reach the systemic cir-
culation, however the transcellular transport remains the most
likely path considering the surface area of the epithelial mem-
brane.? Apart from the transport mechanism, nanocarriers
with smaller particle size (~100 nm) and negative surface
charge are assumed to increase the permeation across the in-
testinal membrane while reducing their hepatic and splenic ac-
cumulation; although, depending on the surface chemistry,
some positively charged nanoparticles have also shown en-
hanced cellular interactions." As supported by our characteri-
zation, pure DMSNs and DMSN-SH materials have both a hy-
drodynamic diameter in water of around 150 nm and a nega-
tive surface charge above pH 3 which match well the above-
mentioned criteria. Therefore, the ability of pure DMSNSs,
DMSN-SH, and insulin to be efficiently internalized by intestinal
cells was tested using HCEC cells through live cell imaging.
The resulting confocal microscopy images are presented in Fig-
ures 3, 4, S7 and S8. Prior to the experiment, DMSNs and insu-
lin were coupled with Rhodamine (Rhod) or FITC fluorescent
probes (see S| for more details). As it can be observed in the
Figure S7, Ins-FITC was insufficiently taken up by the cells until
at least 3 h. This supports the interpretation that insulin re-
quires a performant shuttle to be transported through the in-
testinal epithelium and to help overcome oral bioavailability
issues which were previously described in vivo.””! On the other
hand, DMSNs penetrated efficiently the cytoplasm, as illustrat-
ed in Figure 3. Indeed, the presence of DMSN-FITC was moni-
tored through time-dependent kinetic experiments. After al-
ready 2 h of incubation, DMSN-FITC were present in the cyto-
plasm and the density of internalized DMSNs increased pro-
gressively up to 20 h of incubation. In order to prove that the
cellular uptake of the DMSNs was not probe-dependent, a
second fluorescent label, i.e., Rhod, was coupled to DMSNs.
The ability of DMSN-Rhod and DMSN-SH-Rhod to penetrate
the cells was also confirmed, as shown in Figure S8. It makes
no doubt that DMSNs are good candidates to enhance protein
permeation. Therefore, Ins-FITC was loaded in non-labeled
DMSN-Hex and the resulting DMSN-Ins-FITC assembly was in-
cubated with the cells for 2 h. The signal intensity from Ins-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chapter 4 - Results

Chemistry
Europe

European Chemical
Societies Publishing

Communication

Chemistry—A European Journal doi.org/10.1002/chem.202000773

MERGE

Figure 3. Live cell fluorescence images of the uptake of FITC-labeled DMSNs
by HCEC cells after 2 h, 6 h or 20 h. FITC is represented in light blue and the
plasma membrane in white.

FITC confined in DMSNs was compared to Ins-FITC in its free
form, similarly incubated. The resulting images, presented in
Figure 4a, clearly show a higher concentration of Ins-FITC
inside the cells when transported in DMSNs (red arrows). More-
over, from the cross section of the z stack presented in Fig-
ure 4b, we could confirm that within the 2h period, the
DMSN-Ins-FITC were reaching the cell membrane of HCEC
cells.

As insulin confined into DMSNs appeared to interact with
the membrane of intestinal cells, we performed additional ex-
periments in order to verify if our observation could be accom-
panied also by a functional readout. The effects of unconfined
insulin and insulin confined in both pure and thiol-modified
DMSNs on the metabolic activity of HCEC cells have thus been
compared and the results are presented in Figure 5. To verify
the efficacy of the transport, HCEC cells were deprived of insu-
lin supplement (10 ungmL™") which is originally present in the
culture media, thus generating a starvation condition mimick-
ing pathological lack of the protein (see SI for the experimental
details). Because of its pivotal role in many metabolic cascade
reactions, such as glucose metabolism, lipogenesis, glycogen
synthesis, insulin deprivation is supposed to considerably
reduce the metabolic activity of the cells." In turn, this en-
abled us to test whether the DMSN-based systems could main-
tain viable cell activity under these conditions. In “starvation”
condition, i.e., in absence of insulin in the medium, the incuba-
tion with DMSN-Ins and DMSN-SH-Ins triggered a significant in-
crease of the metabolism of the Alamar Blue (AB) reagent in
comparison to the incubation with the same insulin but in
non-confined form. This difference was reduced by the incuba-
tion in complete medium, implying that the metabolic need of
the cells enhances the response of the test system. Along that

Chem. Eur. J. 2020, 26, 1-6 www.chemeurj.org
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Figure 4. Live cell fluorescence imaging of HCEC cells incubated with Ins-
FITC or DMSN-Ins-FITC for 2 h; (a) 2D images and (b) Zoom in the vertical
cross-section of the 3D cut stack. The plasma membrane is represented in
white and, the fluorescence coming from Ins-FITC in light blue.

line, longer incubation time (6 h) allowed to observe similar in-
crease in dye metabolism when insulin was applied with the
DMSNs both in presence or absence of the supplement, sug-
gesting that insulin starvation might contribute to improve the
kinetics of the observed effect.

Altogether, our results described a robust and versatile func-
tional solid dosage for the oral delivery of insulin. We have
demonstrated that, already in vitro, the acidic release of insulin
from BL-Ins, that is, DMSN-free tablets, was above the recom-
mended limit and the cellular permeation of unformulated in-
sulin was clearly insufficient. When confined in the pores of
DMSNs, the release of insulin in gastric fluid was lowered
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Figure 5. In vitro assay based on the presence (no starvation) or absence
(starvation) of insulin in the culture media of HCEC cells prior to the incuba-
tion of different treatments: commercial human insulin at the concentration
10 or 15 ugmL™", insulin confined in pure DMSNs or thiol-functionalized
DMSN-SH at the concentration equivalent to 15 pgmL™~" of insulin. One-way
ANOVA and Fisher Test expressed significant difference by *p <0.05,

**p <0.01, **p < 0.001.

down to acceptable threshold (less than 10%) and the en-
hanced permeation of labeled insulin (Ins-FITC) was evidenced
by confocal fluorescence microscopy. Despite the mucoadhe-
sive properties of thiol groups, proteolysis of insulin was wit-
nessed, and it might therefore not be the most appropriate
formulation strategy. In contrast, pure DMSNs provided all the
ideal benefits for insulin nanocarriers. Small particle size and
tunable large pores along with a negatively charged surface al-
lowed a simultaneous high protein loading and efficient epi-
thelial cell uptake, while incorporation of the nanocarriers in a
smart pH-sensitive protein formulation prevented the prema-
ture gastric release and degradation of insulin.
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Insulin delivery: A pH-responsive pro-
tein combined with the key attributes
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nanoparticles act synergistically as a
smart oral drug-delivery platform to
reduce substantially the premature re-
lease and degradation of gastro-sensi-

tive insulin. As evidenced by confocal
microscopy, the designed nanocarriers
mediated significant cellular permeation
of the nanopore-confined fluorescent-la-
beled insulin across human intestinal
cells (see figure).
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Experimental Procedures

Materials

Cetyltrimethylammonium chloride (CTAC, 25 wt% H20), Tetraethylorthosilicate (TEOS, 99%), Insulin (human recombinant, 5800 Da),
(3-mercaptopropyl)triethoxysilane (MPTS, 95 %), (3-aminopropyl)triethoxysilane (APTS), Fluorescein isothiocyanate (FITC, > 90%),
Rhodamine isothiocyanate (Rhod) were obtained from Sigma Aldrich (Austria). Triethanolamine (TEA, 98 %) was purchased from Alfa
Aesar (USA). 50 % succinylated B-lactoglobulin (BL) was provided by Aventus Innovations (Levis, QC, Canada). Materials for cell
culture and cytotoxicity experiments were purchased from GIBCO Invitrogen (Karlsruhe, Germany), Lonza Group Ltd (Basel,
Switzerland), Sigma-Aldrich Chemie GmbH (Munich, Germany) and Sarstedt AG&Co (Nuembrecht, Germany).

Methods

Synthesis of Dendritic Mesoporous Silica Nanoparticles (DMSNs). DMSNs with various pore sizes were synthesized by adapting the
procedure previously reported.[1] First, the aqueous solution was prepared: 8 ml of CTAC, 360 mg of TEA and 72 ml of H20 were
mixed together for 1h at 60 °C (stirring plate Heidolph, stirring rate 150 rpm). Then, the organic solution was prepared: 32 ml of organic
solvent (hexane, cyclohexane or toluene) and 8 ml TEOS were mixed and subsequently added to the first solution. The solution was
kept at 60 °C under the same stirring rate overnight. Prior to the centrifugation at 10000 rpm for 20 min, the organic phase was removed.
After drying at 100 °C overnight, the as-made nanoparticles were extracted for 2h with 100 ml of EtOH and 1 drop of HCI (37%). After
drying the extracted nanoparticles at 100 °C overnight, they were calcined under air at 550 °C for 5h. The resulting calcined
nanoparticles are named DMSN-Hex, DMSN-Cyclo or DMSN-Tol.

Functionalization of DMSN-Hex. DMSN-Hex were functionalized with MPTS. Typically, 500 mg of calcined DMSN-Hex were dispersed
in 50 ml of anhydrous toluene under stirring and N2 atmosphere at 115 °C for 2h. Then, 0.5 ml of MPTS was added and the mixture
was allowed to proceed overnight. The functionalized DMSN-Hex were recovered by centrifugation at 9000 rpm for 20 min, washed
twice with toluene and once with ethanol and dried at 80 °C overnight. The resulting functionalized DMSN-Hex are named DMSN-SH.

Labeling of DMSNs. DMSN-Hex and DMSN-SH were labeled with Rhodamine isothiocyanate based on previously reported method.[2]
For DMSN-Hex labeling, first Rho-APTS silane was prepared. Rhod was reacted with APTS: 10 mg of Rhod was dissolved in 0.5 ml of
anhydrous DMSO and 0.1 ml of APTS was added at RT, under stirring and N2 atmosphere. The reaction was left 24h in the dark. Then,
100 mg of DMSN-Hex was dispersed in 10 ml anhydrous toluene for 2h at 110 °C. A volume of 0.5 ml of Rho-APTS was added to the
dispersion of DMSN-Hex and the grafting was further carried out overnight. For DMSN-SH labeling, 8.2 mg of Rhod was added to a
suspension of 100 mg of DMSN-SH in EtOH (25 ml) and the reaction between thiol and isothiocyanate further proceeded in the dark
under stirring for 24h. DMSN-Hex was also labeled with FITC as follows: DMSN-Hex was first grafted with APTS and 50 mg of the
resulting amino-modified DMSN-Hex was reacted with 17.6 mg of FITC in 20 ml EtOH in the dark for 24h. The samples were recovered
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by centrifugation at 9000 rpm for 20 min, washed several times with EtOH and dried at 80 °C overnight. The resulting labeled materials
are named DMSN-Rhod, DMSN-SH-Rhod and DMSN-FITC.

Labeling of Insulin. Insulin was coupled with FITC according to standard protocol.[3] Briefly, 10 mg of insulin was first dissolved in 1 ml
of Na2CO3 0.1 M. In parallel, 5 mg of FITC was dissolved in 0.5 ml of DMSO. The FITC solution was added to insulin by increment of
50 pl and the mixture was stirred at RT for 1h and protected from light exposure. After semi-preparative HPLC purification, the coupling
was confirmed by mass spectrometry. The resulting labeled insulin is named Ins-FITC.

Loading of Insulin. Insulin, human recombinant, was introduced into the pores of DMSNs through an electrostatic attraction technique.
First, 40 mg of Insulin was dispersed in V = 20 ml of nanopure H20 and the pH was brought to 3 with HCI 0.01 M until complete
dissolution is observed. Then, the pH was increased to 4 using NaOH 0.2 M. In the meantime, a suspension of 100 mg of either DMSN-
Hex, DMSN-Tol or DMSN-SH is prepared using V = 5 ml of a solution at pH 4. The solution of insulin was added to the different
suspensions of DMSN-Hex, DMSN-Tol and DMSN-SH and the mixtures were placed in a mechanical rocker for 1.5h. The resulting
DMSNSs loaded with insulin were recovered by centrifugation (9000 rpm, 10 min), frozen overnight and lyophilized for 2 days. The
obtained DMSNs are named DMSN-Hex-Ins, DMSN-Tol-Ins and DMSN-SH-Ins.

Characterization of the materials. N2 physisorption isotherms were measured at -196 °C (77 K) using an Autosorb-iQ3 sorption analyzer
(Anton Paar, Boynton Beach, USA). Prior to the analysis, calcined DMSNs, functionalized DMSN-SH and insulin loaded DMSNs were
outgassed 10h at 150 °C, 12h at 80 °C and 20h at 35 °C, respectively. The specific surface area (Sser) was determined using the
Brunauer-Emmet-Teller (BET) equation in the relative pressure range 0.05 - 0.2. The total pore volume was determined at P/Po = 0.95.
The pore size distributions were calculated using the non-local density functional theory (NLDFT) method considering a model of silica
with cylindrical pores. Transmission Electron Microscopy (TEM) images were recorded with a Philips CM200 microscope at an
accelerating voltage of 200 keV using suspensions of DMSNs in EtOH (4 pl) deposited on a carbon-coated copper grid. Dynamic light
scattering (DLS) analyses were performed on a Malvern DTS Nano Zetasizer 173 ° (equilibrium time set at 3 min, 3 measurements for
each sample). The samples were dispersed in H20 with a concentration of 0.7 mg ml™!, shaken and sonicated prior to the analysis. The
Zeta Potential measurements of the DMSNs and insulin over the pH range 2 — 6 were obtained using a titrator coupled to the Malvern
DTS Nano Zetasizer. Thermogravimetric (TG) and Differential Scanning Calorimetry (DSC) analyses were performed on a Netzsch
STA-449 F3 Jupiter instrument under airflow of 20 ml min™' with a heating rate of 10 °C min', from 40 to 700 °C. The percentage of
mass loss was assessed in the temperature range 120 — 700 °C. Wide angle powder X-ray diffraction (WXRD) measurements were
performed using a Panalytical Empyrean diffractometer (Malvern Panalytical, UK) in reflection geometry (Bragg—Brentano HD) using
Cu Ka1+2radiation operated at a voltage of 45 kV, a tube current of 40 mA, with a fixed divergence slit of 0.05 mm. The measurements
were performed in a continuous mode with a step size 26 of 0.013° and a time per step of 200 s. The quantification of insulin was
performed using a Vanquish ultra-high-performance liquid chromatography (UHPLC) system (Thermo Fisher Scientific, Bremen,
Germany) coupled with a LTQ Orbitrap Velos mass spectrometer equipped with an electrospray ion source with the voltage 2.1 kV and
the ion transfer capillary temperature was 300 °C. The retention of insulin was carried out on a C-18 analytical column Acclaim 120™
(Thermo Scientific, 2.1 x 150 mm, 3 um, 10 nm) at a flow rate of 0.4 ml min"' and a temperature of 40 °C. The injection volume was 5
ul. The mobile phases were A: 100 % H20, 0.1 % FA and B: 100 % ACN, 0.1 % FA. A gradient method was applied as follow: 0.0 —
8.0 min 5-53 % B, 8.0 - 8.5 min 53 - 95 % B, 12.5 - 13.0 95 - 5 % B and re-equilibration was made until 17 min. The full MS scans
were acquired in positive ion mode at 400 — 2000 m/z range at a resolution of 60000 (FWHM at 400 m/z).

Tablet formulations. Tablets of BL combined with either insulin (BL-Ins) or insulin loaded in the different DMSNs (BL-DMSN-Hex-Ins,
BL-DMSN-Tol-Ins, BL-DMSN-SH-Ins) were prepared using a single punch press (PerkinElmer, UK). Prior to the compression, the
powders were mixed together in a vial with a spatula, this refers to the mixed formulation. For comparison purposes, a layer-by-layer
formulation (Ibl) was also tested and in this case the tablet of BL-DMSN-Hex-Ins (Ibl) was prepared as follows: 100 mg of BL was first
placed at the bottom of the compression tool followed by a layer of 30 mg of DMSN-Hex-Ins and finally the second layer of BL was
placed at the top. Unless otherwise stated, all the tablets were prepared through the mixed formulation.

Insulin release experiments. The solution at pH 1.2 and 7.4 were prepared according to previously reported protocols.[4] For the solution
at pH 1.2, 2 g of NaCl, 7 ml of HCI (37 %) and 1 | of nanopure H20 were mixed. For the solution at pH 7.4, first 6.8 g of KH2PO4 was
dissolved in 250 ml of nanopure H20 and then combined to 190 ml of NaOH 0.2 M and 400 ml of nanopure H20. If needed, the pH was
adjusted using NaOH 0.2 M and the volume was completed to 1 | with nanopure H20. For each dissolution test, 400 ml of the solutions
at pH 1.2 or 7.4 were introduced into a 500 ml erlenmeyer, subsequently placed inside an incubator set at 37 °C and stirring at 150
rpm was allowed prior to the addition of the tablets. The tablets were first soaked 2h at pH 1.2, were then taken out and directly placed
in 5 ml of PBS for few minutes to prepare the solution at pH 7.4. Once transferred in pH 7.4, the test continued until 24h. Aliquots of 1
ml were taken out at adequate period of time and replaced by 1 ml of the fresh solution to maintain the same volume. The concentration
of insulin released in both solutions was quantified using UHPLC-MS system. Triplicates were only realized for BL-Ins, BL-DMSN-Hex-
Ins and BL-DMSN-SH-Ins, experiments made for comparison purposes i.e., BL-Ins (Ibl), BL-DMSN-Tol-Ins were performed once.
Statistical analysis was performed with OriginPro 9.55 (OriginLab) applying one-way ANOVA with Fisher test for pairwise comparison
(threshold value p < 0.05).
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Cell culture. Non-tumorigenic human colonic epithelial cells (HCEC) were cultivated in DMEM supplemented with 2 % medium 199
(10X), 2% cosmic calf serum, HEPES 20 mM, gentamycin (50 pg ml™"), insulin-transferrin-selenium-G (10 ug ml"), recombinant human
EGF (20 ng mlI'"), hydrocortisone (1 ug ml™"). The cells were incubated in a humidified incubator with 5 % CO- at 37 °C. The HCEC
cells (HCEC-1CT) were kindly provided by Prof. Jerry W. Shay (UT Southwestern Medical Center, Dallas, TX, USA) and cultivated as
previously described.[5,6]

Fluorescent microscopy experiments. For the live cell imaging experiment, a confocal LSM microscope Zeiss 710 was equipped with
ELYRA PS.1 and a Water Plan Apochromat 63x/1.2 objective. HCEC were seeded in Ibitreat slides, 6000 cells/slide and incubated at
37 °C for 48h before the live cell imaging experiments. Prior to their incubation, the DMSNSs, i.e., DMSN-FITC, DMSN-SH-Rhod and
DMSN-Rhod were dispersed in DMEM, vortexed for 15 sec and sonicated for 30 min, this procedure was repeated three times and a
concentration of 200 pg ml™' was applied to the cells. Ins-FITC was dissolved in the cell culture media at a concentration of 10 ug ml™,
equivalent concentration of insulin was used for DMSN-Ins-FITC. In the case of DMSN-Ins-FITC, the dispersion procedure was only
applied once to avoid premature release of Ins-FITC. At the end of the treatments, the cells were washed three times with LCI to remove
non-internalized DMSN-FITC, DMSN-SH-Rhod, DMSN-Rhod, Ins-FITC or DMSN-Ins-FITC. Then, the cells were stained with
CellMask™ Deep Red Plasma Membrane Stain (1:1000 dilution). [7] Imaging was performed in Live Cell Imaging Solution (Molecular
Probes, Life Technologies, Thermo Fisher Scientific, USA).

Insulin starvation of HCEC. HCEC are normally cultured with insulin in their media at the concentration of 10 pg ml*'. Thus, the removal
of insulin-transferrin-selenium-G from their culture media has permitted to test the metabolic activity of the cells in presence of the
different insulin-containing DMSNs and compare with the unformulated insulin purchased. To achieve so, 8000 cells per well were
seeded in a 96-wells black sided plate at 37 °C for 48h. Once confluency could be observed, the culture media was removed, replaced
by an equivalent volume lacking insulin-transferrin-selenium-G and the cells were further incubated at 37 °C for 1h. Then, the cells
were treated with insulin, i.e., the unformulated purchased one, at a concentration of 10 or 15 pg mI"" in DMEM or the insulin-containing
DMSNSs, i.e., DMSN-Hex-Ins or DMSN-SH-Ins at an equivalent concentration of insulin of 15 ug ml”" in DMEM. The samples were
vortexed and sonicated to ensure the dissolution of unformulated insulin or the suspension of DMSN-Hex-Ins and DMSN-SH-Ins. A
volume of 100 ul was added to the insulin starved cells; the wells were then completed with 100 pul of culture media lacking insulin. The
incubation was continued for a time period of either 1 or 6h. For comparison purposes, the same experiment was conducted in normal
culturing conditions, i.e., cells were not insulin-starved and they were incubated with a full media. At the end of the incubation, cells
were washed twice with 100 ul of DPBS prior to the Alamar Blue assay.

Alamar Blue (AB) assay. AB assay was used following methods previously reported with slight modifications.[8] Briefly, a solution of
10% AB in DMEM (v/v) was prepared and 100 pl of this solution was added to each well and the reaction was allowed for 40 min in the
incubator. The fluorescence was measured at 530/560 nm (excitation/emission) using a Cytation 3 Imaging Multi Mode Reader (BioTek,
Bad Friedrichshall, Germany). Cells incubated were compared to the respective control cells and the ratio treated over control was
calculated in %. The data presented are the mean + standard error of at least three independent cell preparations made in triplicates.
Statistical analysis was performed with OriginPro 9.55 (OriginLab) applying one-way ANOVA with Fisher test for pairwise comparison
(threshold value p < 0.05).
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Table S1. Physicochemical parameters of the pure DMSNs, the functionalized DMSNs and the insulin-loaded DMSNs.

Sgertd Pore volumel®  Pore sizeld Particle sizel® Mass lossl!

(m?g™) (cm3g™) (nm) (nm) (%)
DMSN-Hex 823 15 7.6 151 -
DMSN-Cyclo 868 1.60 8.4 154 -
DMSN-Tol 949 270 11.7 238 -
DMSN-SH 615 1.15 7.0 159 8.6
DMSN-Hex-Ins 600 1.15 7.0 204
DMSN-Tol-Ins 589 1.75 11.7 17.8
DMSN-SH-Ins 633 1.15 7.0 20.2

[a] The specific surface area Sger, pore volume and pore size were obtained from the N2 physisorption analysis. [b] The particle size has been measured using DLS
[c] Mass loss values were calculated in the temperature range of 120 - 700 °C from the thermogravimetry analysis.

Whilst the pore sizes of the DMSNs have been tailored upon changing the nature of the organic solvent, the particle sizes of the
resulting nanoparticles are only slightly changed. As seen in Table S1, while the DMSNs made with hexane or cyclohexane have very
similar particle sizes of approximately 150 nm and comparable porosity characteristics, i.e., pore sizes of 7.6 nm for DMSN-Cyclo and
8.4 nm for DMSN-Hex, the ones made with toluene have bigger particle diameter of almost 240 nm and much larger pores of almost

12 nm.
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Figure S1. Physicochemical characterization of the thiol-functionalized DMSNSs; (a) N2 physisorption isotherm of DMSN-SH measured at — 196 °C, (b) Pore size

distribution of DMSN-SH calculated using NLDFT method considering the adsorption of Nz in silica materials with cylindrical-likes pores, (c) Hydrodynamic diameter
of the particles in suspension in water measured by DLS; (d) TG-DSC analysis of DMSN-SH.

DMSN-Hex have been further functionalized with thiol groups using (3-mercapto)triethoxysilane (MPTS) which decreased the pore size
from 7.6 to 6.9 nm, the surface area from 823 to 615 m? g™ and the pore volume from 1.50 to 1.15 cm® g"'. However, the particle size
did not change and stayed centred at 159 nm. As it can be seen from Figure S1d, the combustion of the thiol-silane occurs at
approximately 275 °C and around 9 wt% has been anchored on the surface through post-synthesis grafting.
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Figure S2. (a) Diameter of insulin in pH 7.4 measured by DLS; (b) Zeta potential of insulin, DMSN-Hex and DMSN-SH measured over the pH range 2-6.

As it can be seen in Figure S2a, the size of insulin in an aqueous solution is around 6 nm, therefore, larger pore sizes of DMSNs were
used for loading. Then, the effect of the charge of insulin and the DMSNs in solution on the loading efficiency was assessed. To begin
with, insulin has a positive charge in the pH range 2 — 3, as determined by the results of the Zeta potential measurements depicted in
Figure S2b. On the other hand, both the pure and the thiol-functionalized DMSNs have nearly a neutral charge at this pH. The loading
of insulin at pH 3 was first attempted followed by an attempt at pH 4.
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Insulin loading results
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Figure S3. (a) Mass loss and (b) DSC profiles of the different materials: insulin, insulin loaded at pH 4 in pure DMSN-Hex and DMSN-Tol or thiol-functionalized
DMSN-Hex (DMSN-SH). For comparison purpose, insulin loaded at pH 3 in DMSN-Hex is shown.

A mass loss of around 10 wt% was calculated for the loading of insulin inside both DMSN-Hex and DMSN-Tol (data not shown for
DMSN-Tol) at pH 3. Further optimization has led to the loading of insulin at pH 4 since, at this pH, insulin has a positive charge of
around + 10 mV and the pure or thio-DMSN have a negative charge of around — 20 mV. The important difference in the charges makes
the electrostatic attraction between both parts stronger. Indeed, the mass loss increased to 20 wt% (Table S1) for DMSN-Hex-Ins and
DMSN-Tol-Ins. Using the same amount of insulin and silica materials, lower loading was detected for the thiol-functionalized DMSNs,
i.e., 12 wt% (Figure S3a and Table S1). In this case, the initial amount of insulin was increased to 60 mg while keeping an equal quantity
of DMSN-SH. By doing so, the loading of insulin reached also around 20 wt% (data not shown). The structure of insulin was maintained
during the loading procedure as confirmed by MS spectrometry. The effect of the confinement of insulin inside the mesopores of the
different DMSNs can be appreciated from the Figure S3b. While the combustion of insulin confined in the mesopores occurs during
one exothermic event at T = 340 °C, insulin itself is decomposed throughout several exothermic and endothermic processes.
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Figure S5. Wide-angle powder X-ray diffractograms of the starting DMSN-Hex and DMSN-SH, the insulin-loaded into DMSN-Hex and DMSN-SH and insulin alone.

The wide-angle powder X-ray diffractogram presented in Figure S5 shows that insulin itself can be considered as a semi-crystalline
peptide with diffraction peaks in the region 5 < 26 < 15°. Differently, when incorporated inside the pores of either DMSN-Hex or the
thiol-functionalized version, DMSN-SH, no diffraction peaks can be seen, therefore insulin is confined as an amorphous protein in the

pores.
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Release of insulin
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Figure S6. (a) Second representation of the cumulative release of insulin over time from the different formulations (BL-Ins in grey, BL-DMSN-Ins in blue and BL-
DMSN-SH-Ins in green) immersed 2h at pH 1.2 and subsequently at pH 7.4; (b) Cumulative release of insulin over time from BL-DMSN-Tol, i.e., insulin confined in
larger pores (DMSN-Tol) and from BL-DMSN-Hex Ibl, i.e., insulin confined in DMSN-Hex and tableted in sandwich with BL (one layer of BL, one layer of DMSN-
Hex-Ins, one layer of BL), similar to (a) the tablets were firstimmersed 2h at pH 1.2 and subsequently transferred at pH 7.4.

As it can be observed, the release of insulin from the pure DMSNs does not seem to depend on the pore sizes as similar performances
have been observed for both DMSN-Hex (pore size: 7.6 nm) and DMSN-Tol (pore size: 11.7 nm). However, changing the formulation
of the BL tablet resulted in drastically decreasing the elution of insulin at pH 7.4. This might originate from the fact that, in the layer- by-
layer formulation, the DMSN-Hex are located in the center of the tablet and therefore more time is needed to navigate from the center
to the media. Nevertheless, this gives an interesting insight supporting the assumption that after 1h at pH 7.4, the DMSNSs in the mixed
formulation start to reach the media and would be ready to be transported through the intestinal barrier.
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Cellular uptake experiments

Figure S7. Live cell fluorescence images (a) HCEC control cells, (b) FITC control, (c) Ins-FITC incubated for 45 min; 3D stack after 3 h incubation of Ins-FITC (d)
upper and (e) bottom view. The plasma membrane is represented in red, the nucleus in blue and Ins-FITC in green.

FITC was solubilized in DMSO and applied to the cells, the images were taken immediately after the incubation. Thus, it can be
concluded that FITC alone goes quickly in the cells and reach the nucleus (Figure S7b). Insulin coupled with FITC does not seem to
penetrate the cells and this up to 3h. From the upper view, Ins-FITC dispersed in the medium can be observed, however from the
bottom view, no Ins-FITC was seen to approach the cells.
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Figure S8. Live cell fluorescence images of the uptake of Rhod-labeled DMSNs after 20h of incubation of (a) DMSN-SH-Rhod and (b) DMSN-Rhod with HCEC.
The plasma membrane is represented in white and the signal from Rhod in red.

It can be seen that the thiol function seemed to enable a more uniform distribution of the nanoparticles in the cells. Because of the
presence of non-reacted amine groups at the particle surface, DMSN-Rhod expressed a positive charge (see Figure S9 for Zeta
potential measurements) which led to agglomeration of these particles and decreased cellular uptake. With their negative charges,
DMSN-FITC and DMSN-SH-Rhod were equally capable of entering the cells.
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Figure S8. (a) Zeta potential measurements of the different labelled-DMSNs: DMSN-FITC, DMSN-Rhod, DMSN-SH-Rhod. The positive charge of DMSN-Rhod
might originate from remaining non-coupled APTS (b) MS spectrum of Ins-FITC after the synthesis (bottom) and confirmation of the structure of insulin in live cell
imaging solution (LCI) added to the cells.

References

11
[2]
[3]
[4]
(3]
[6]
[7]

8]

C. Lei, C. Xu, A. Nouwens, C. Yu, J. Mater. Chem. B 2016, 4, 4975-4979.

J. Ciccione, T. Jia, J. L. Coli, K. Parra, M. Amblard, S. Jebors, J. Martinez, A. Mehdi, G. Subra, Chem. Mater. 2016, 28, 885-889.
Amine-Reactive Probe Labelling Protocol, ThermoFisher Scientific.

R. Caillard, M. Subirade, Int. J. Pharm. 2012, 437, 130-136.

G. Del Favero, R. Zaharescu, D. Marko, D. Archives of toxicology 2018. 92, 3535-3547.

V. Khare, K. Dammann, M. Asboth, A. Krnjic, M. Jambrich, C. Gasche, Inflammatory bowel diseases 2015, 21, 287-96.

G. Del Favero, L. Woelflingseder, L. Janker, B. Neuditschko, S. Seriani, P. Gallina, O. Sbaizero, C. Gerner, D. Marko, Sci. Rep. 2018, 8, 11351-
11368.

L. Woelflingseder, G. Del Favero, T. BlaZevi¢, E. H. Heiss, M. Haider, B. Warth, G. Adam, D. Marko, Toxicol. Letters 2018, 299, 104-117.

Author Contributions

E.J. has performed the experimental work, treated the data and written the original draft. G.D.F. has contributed to the cell studies and confocal microscopy data
acquisition and treatment. R.C. has contributed to the investigation and formal analysis of the pH-gating system based on beta-lactoglobulin. E.J., R.C, F.K. have
worked together on the materials chemistry experiment design, analysis and interpretation. E.J., G.D.F., D.M., F.K. have worked together on the biological
studies, acquisition and interpretation. D. M. has provided additional supporting supervision for the cell studies. F.K. is lead Pl and project administrator, and main
coordinator and supervisor of the work. All the authors have contributed to the revision of the original draft.

138









Chapter 5 - Conclusion

[.  Summary of key results

The general aim of this thesis was to develop a versatile system to address the solubility
and permeability issues faced in the GIT by most therapeutic agents and in particular,
resveratrol, omeprazole and insulin. More specifically, this thesis attempted to (1)
demonstrate pore confinement effects on the solubility and permeability of therapeutic
agents, (2) develop a pH-responsive formulation that protects gastro-sensitive drugs and

(3) design a nanocarrier for oral solid dosage of insulin.

Resveratrol was encapsulated into MCM-48-type MSNs of different particle (90, 150 or
300 nm) and pore (3.5 or 7 nm) sizes using the solvent evaporation technique. We estab-
lished that the amorphization of resveratrol in the mesopores led to an increased release
in vitro, enhancing drug transportation across the tight junctions of Caco-2 monolayer,
and a certain effect of the particle size of the MSNs on the saturated solubility was ex-
tracted from results. Upon anti-inflammatory evaluation, the highest response was ob-
tained with the proposed nanoformulation. The completion of objective (1) ensured that
MSNs could improve the physico-chemical and the biological properties of confined

resveratrol.

In regard to objective (2), omeprazole-loaded MSNs were combined to a protein excipient,
succinylated B-lactoglobulin, to afford pH-responsive tablets. Combined together, suc-
cinylated 3-lactoglobulin and MSNs permitted to satisfy the United States Pharmacopeia
(USP) requirement as less than 10 % of omeprazole was released in SGF; furthermore,
owing to nanopore confinement, the release of omeprazole at near neutral pH was higher
than MSNs-free tablets. Hydrophobic surfaces were obtained through silanization of the
MSNs with methyl-silane (HMDS) but the resulting MSNs systematically mediated higher
mortality of HT-29 and Caco-2 cells. Contrastingly, upon progressive release of omepra-

zole-confined in MSNss, toxicity against Caco-2 and HCEC cells could be avoided.

With the combination of objectives (1) and (2), the development of oral solid dosage for

resveratrol-loaded MCM-48-type MSNs followed. We realized that the loss of porosity of
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the resulting drug-loaded MSNs depended on the functionality anchored at the surface of
the MSNs, i.e., amine, methyl vs pure silica surface. We also revealed stability limitations
of the BL tablets: the combined positive charges in presence of amine-functionalized
MCM-48-type MSNs caused the premature erosion of the omeprazole tablet in gastric

fluid.

Finally, objective (3) was dedicated to the creation of an oral formulation for insulin. Fine
control of the pore size of DMSNs was achieved upon increasing the steric hindrance of
the organic co-solvent from hexane, cyclohexane to toluene in the synthesis procedure.
Through electrostatic attraction between oppositely charged insulin and DMSNs at pH 4,
the confinement of 20 wt % of insulin in the 7.6 nm pores was successful and highly re-
producible. Following this, the combination of the DMSNs with BL synergistically pre-
vented the premature release and degradation of insulin in gastric fluid. Undesired pro-
teolysis was revealed only in the case of thiolated-DMSNs in intestinal fluid. Thus, the as-
sociation of insulin and thiol groups would not be recommended for future studies, alt-
hough thiol groups are known to be mucoadhesion enhancers. With the use of pure
DMSNs, fluorescent confocal microscopy images provided evidence of the ability of

DMSNs to greatly improve the transport of insulin across intestinal cellular membranes.

I[I. Perspectives

This thesis paves the way for new avenues which are listed below as problematic to elu-
cidate. The list comprises the consequences of the accomplished studies and new ideas

generated throughout the work.

Topic Challenges

Encapsulation and release Dynamics study of the therapeutics agents confined in
MSNs followed by Solid-State NMR - Is there a correla-
tion between mobility and release rate of the confined

drug?
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[s it possible to modulate the release through complexa-
tion of drugs on metals previously grafted on the surface

of MSNs?

Insulin - permeability

Coating of MSNs with lipids - Would this formulation en-
hance the permeation of MSNs across the intestinal

membrane?

Would the PEGylation of the DMSNs increase the perme-
ation of the DMSNs without altering the loading and re-

lease of insulin?

Insulin - in vitro test

Proteomic analysis of the cells in absence of insulin
supplement - How does the treatment with formulated

insulin impact on the cellular proteomic?

Insulin - in vivo test

[1I. Concluding remarks

Would the BL tablets help in reaching sufficient in vivo

pharmacological effect of oral insulin on diabetic rats?

In the future, drug delivery platforms would have to be commercialized by the pharma-

ceutical industry if they were to have an impact on the life of patients. Only technologies

offering an ease of manufacturing and high reproducibility in their performances would

be considered adequate for marketability. To get closer to industrial applications and,

bearing in mind the translation of MSNs into next generation oral drug delivery nanocar-

riers, this thesis focused on the development of tablets and correlated the confinement

effects provided by adequately designed MSNs with the pH-responsiveness of BL protein.

More specifically, the work achieved evidenced how the confinement of therapeutic

agents into MSNs can circumvent solubility and permeability issues in the oral delivery

route.
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