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RESUMEN

La investigacidon relacionada con los sistemas de liberacién controlada de
medicamentos ha crecido rapidamente en los Ultimos afios, ya que estos sistemas
ofrecen propiedades ventajosas tales como eficiencia mejorada, toxicidad minima y
administracion amigable en comparacion con los procedimientos tradicionales de
administracion de medicamentos. La mayoria de estos sistemas se han sintetizado
utilizando biopolimeros biocompatibles y biodegradables con particulas
nanoestructuradas con propiedades biocompatibles, no toxicas y biodegradables. La
combinacion de estos materiales permite mejorar las propiedades del sistema de
liberacién. Principalmente mejorando la presentacion temporal y espacial de los
farmacos en el organismo y protegiéndolos de la degradacion o eliminacion fisiologica.
En este trabajo se disefiaron, sintetizaron, caracterizaron y evaluaron las propiedades
fisicoquimicas y morfologicas de particulas de silicio poroso térmicamente oxidadas
(TOPSIp) y de compositos funcionales a base de particulas de silicio poroso (PSip) y
quitosano (CH). Se utilizé clorhidrato de tramadol (TR) como farmaco modelo para
evaluar los perfiles de liberacion acumulativa in vitro de TOPSip y de los compositos.
Se obtuvieron los porcentajes de capacidad de carga de TR en TOPSip y compositos,
y se demostré que la adsorcion de TR se rige por fuerzas intermoleculares (fuerzas
electrostéticas ion-ion y enlaces de hidrégeno) y por la dimension de los poros. Se
obtuvieron los perfiles de liberacibn acumulada de TR in vitro en fluidos simulados
(gastrico e intestinal) para todos los sistemas de liberacion disefiados, obteniendo un
tiempo de liberacion de 24 h para TOPSip desnudas y tiempos de 30 h para los
compositos de PSip-CH con bajo efecto de estallido. Finalmente, la evaluacién in vivo
utilizando microportadores TOPSip mostrd evidencia de efectos antinociceptivos y
antiinflamatorios mejores y sostenibles cuando se usan los compositos TOPSip-OH/TR

en comparacion con TR solo.



ABSTRACT

Studies related to the controlled release system have developed rapidly in recent
years to provide beneficial properties such as increased efficiency, reduced toxicity,
and helpful administration compared to conventional treatment regimens. Many of
these systems are synthesized by combining biopolymers and nanostructured
particles, both materials with biodegradable and biocompatible properties and low
toxicity. The combination of these materials makes it possible to improve the properties
of the delivery system. Mainly improving the spatial and temporal presentation of drugs
in the body and protecting them from degradation or physiological elimination. In this
work, the physicochemical and morphological properties of thermally oxidized porous
silicon particles (TOPSip) and functional composites based on porous silicon particles
(PSip) and chitosan (CH) were designed, synthesized, characterized, and evaluated.
Tramadol hydrochloride (TR) was used as a model drug to evaluate the in vitro
cumulative release profiles of the TOPSip and composites. The percentages of TR
loading capacity in TOPSip and composites were obtained, showing that TR adsorption
was governed by intermolecular forces (ion-ion electrostatic forces and hydrogen
bonding) and by pore dimension. The in vitro TR cumulative release profiles in
simulated fluids (gastric and intestinal) were obtained for all the designed delivery
systems, obtaining a release time of 24 h for bare TOPSip and for the PSip-CH
composites times of 30 h with low burst effect. Finally, the in vivo evaluation using
TOPSIip microcarriers showed evidence of better and sustainable anti-nociceptive and
anti-inflammatory effects when using TOPSip-OH/TR composites compared with TR

alone.
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Simulated intestinal fluid (pH 6.8). Cumulative release of TR as a function
of the patrticle thickness and pore size of the TOPSip-OH; C) Simulated
gastric fluid (pH 1.2) and D) Simulated intestinal fluid (pH 6.8). Overlaid
contour at out-of-trend experimental points.

Fig. 11. Diffusion of the simulated fluid into the pores and counter-
diffusion of the TR toward the solution in A) TOPSip-OHwmz: pore size 6 +
1.1 nm, thickness 27 + 7 um, and B) TOPSip-OH-40: pore size 67 * 7,
thickness 0.5 £ 0.08 um. The TR molecules size is X = 10.83, Y = 9.26
and Z = 6.75 A, with 255.47 A3 overall volume [19].

Fig. 12. Time-course of carrageenan-induced mechanical nociceptive
threshold in animals receiving the treatments (data are shown as mean *
standard deviation, n = 4 rats per group).

Fig. 13. Antinociceptive effect of treatments measured as the increase in
the area under the curve of mechanical threshold versus time. (data are
presented as mean * standard deviation, n = 4 rats per group).
Significance: *xp < 0.01, **p < 0.001 and ***xp < 0.0001 by comparison
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with the control. +++p < 0.001 and ++++p < 0.0001 by comparison with
TOPSIp-OH. #p < 0.05 and ####p < 0.0001 between TR 3.3 vs TOPSip-
OH/TR 3.3,13.5and TR 13.5 vs TOPSIip-OH/TR 13.5. p < 0.01 between
TOPSIip-OH/TR 3.3 and 13.5.

Fig. 14. The time curse of carrageenan-induced inflammatory edema in
animals receiving the treatments (data are shown as mean + standard
deviation, n = 4 rats per group).

Fig. 15. Comparative effect of treatments in Inflammation measured as
the paw thickness area under curve over 12 h period. Data are shown as
mean = standard deviation (n = 4 rats). Significance: *p < 0.05 and *xx*x*p
< 0.0001 by comparison with the control and TOPSip-OH vs all groups.
Significance: #p < 0.05, ###p < 0.01 and ####p < 0.0001 between TR 3.3
vs 13.5, TOPSip-OH 3.3, 13.5 and TR 13.5 vs TOPSip-OH 13.5. +++p <
0.001 between TOPSIip-OH/TR 3.3 and 13.5.

CHAPTER 2. Optimized Microwave-Assisted Functionalization and

Quantification of Superficial Amino Groups on Porous Silicon
Nanostructured Microparticles

Scheme 1. Different pathways for TOPSip functionalization by traditional
method (path B) and MW-assisted methods (paths A and C).
Fig. 1. Morphological and chemical analyses of TOPSip. HR-SEM
micrograph showing: (A) TOPSip shape and (C) pore size. (B) Particle
size distribution histogram. (D) Pore size distribution histogram. (E) HR-
TEM micrograph of TOPSip. (F) STEM image and elemental mapping of
TOPSIip and (G) TOPSIip-OH/APTES.
Fig. 2. ATR Fourier transform infrared spectra of (A) TOPSip (a) and
TOPSIip-OH (b) and (B) TOPSIip-OH/APTES functionalized with different
amounts of APTES: 2.19 (a), 1.504 (b), and 0.888 umol mg™ (c).
Fig. 3. Titration curve of {-potential vs. pH for TOPSip-OH (pimk line) and
TOPSIip-OH/APTES (green line) after functionalization.
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Scheme 2. Reaction mechanism between ninhydrin and TOPSip- 69

OH/APTES to produce Ruhemann’s purple dye.

Fig. 4. [TOPSIip-OH/APTES] experimental values plottd against predicted 75
values from the regression model in uncoded values.

Fig. 5. Response surface plot of [TOPSip-OH/APTES] in uncoded values. 77
Overlaid contour at optimal experimental conditions.

Fig. 6. Thermogravimetric analysis (TGA) curve of TOPSip-OH/APTES 78

corresponding to sample 1 from Table 4.

CHAPTER 3. Design of functional PSi/CH composites: synthesis,
characterization, and evaluation in therapeutics

Fig. 1. Functionalization steps of A) TOPSip-OH (thermal oxidation), 93
TOPSIip-OH/A (silanization), and TOPSip-OH/A/G (functionalization with
glutaraldehyde). B) UnPSi layers (hydrosylilation) and UnPSip
(ultrasonication process).
Fig. 2. Intermolecular interactions between the functional groups of TR 94
and A) surface UnPSip groups and B) surface TOPSip-OH/A/G groups.
Fig. 3. HR-SEM micrographs of A) TOPSip, B) UnPSip/CH and C) 99
TOPSIip-OH/A/G/CH composites.
Fig. 4. STEM image and elemental mapping of A) TOPSip, B) UnPSip/CH 100
and C) TOPSip-OH/A/G/CH.
Fig. 5. ATR Fourier transform infrared spectra of each synthetic step in 103
the synthesis of composites as well as TR loading: A) UnPSip/TR/CH and
B) TOPSip-OH/A/G/TR/CH.
Fig. 6. C-potential curve vs pH for each synthetic step as well as TR 106
loading for A) UnPSip-/TR/CH and B) TOPSip-OH/A/G/TR/CH.
Fig. 7. Mucoadhesive strength of UnPSip/CH and TOPSip-OH/A/G/CH 108
composites as a function of pH and mucin concentration.
Fig. 8. In vitro cumulative TR release profiles of UnPSip/CH and TOPSip- 110
OH/A/G/CH at 37 °C in simulated gastric fluid (pH 1.2) and simulated



intestinal fluid (pH 6.8). Comparison with the cumulative TR release
profiles of TOPSip-OH-40 (Chapter 1).
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1. INTRODUCTION

For many years, pharmaceutical companies have focused on the synthesis of
chemical compounds for the treatment of various diseases. For their administration,
these therapeutic systems are traditionally obtained in different presentations, including
tablets, capsules, suppositories, creams, aerosols, and injections, among some others.
The typical formulation of these systems entails certain disadvantages, among them,
an instantaneous release of the drug, which makes it difficult to maintain drug
concentration levels within adequate therapeutic limits and a low availability of the drug.
These disadvantages lead to a multiple dose regimen, which results in significant
fluctuations of drug levels in the blood plasma. This effect can decrease the
effectiveness of the therapeutic and / or cause a certain degree of toxicity that leads to
side effects for patients [1,2]. One option to solve this problem is to use the new
emerging technologies offered by nanotechnology, an area in which great progress has
been made in the manipulation of supramolecular molecules and structures, which has
made it possible to produce controlled drug delivery systems with programmed
functions, that drive the drug to a specific site, with the optimal concentration, in a

suitable time profile [3].

1.1 Controlled drug delivery systems

Studies related to the controlled release system have developed rapidly in recent
years to provide beneficial properties such as increased efficiency, reduced toxicity,
and helpful administration compared to conventional treatment regimens [4]. Controlled
drug release systems are designed primarily with the objectives of i) obtaining greater
control during exposure of the therapeutic substance over time and protecting them
from premature elimination, ii) guiding the desired site of action, iii) reducing minimizing
their exposure to other parts of the body and iv) helping to cross physiological barriers
[5]. Nowadays, the most relevant in this area of study is the design of hybrid systems
in which biodegradable and biocompatible biopolymers are combined with various

nanostructured materials, producing a new generation of composites with special



properties. This better control of properties shown by hybrid systems has generated
great scientific interest to design nanostructured materials with controlled morphologies

and pore size that can be used for the development of controlled drug release systems.

In recent years, nanostructured materials have been considered as emerging
vehicles for their application as controlled release systems. They have a great variety
of advantages, one of the main ones being their great stability, in addition, they have
physicochemical and structural properties that make them ideal for the transport of
drugs. They can be designed with morphological and chemical properties that increase
their biocompatibility and at the same time induce a controllable degradation rate in low
toxicity degradation products, which can be eliminated via the kidneys [6]. Some of the
most widely used emerging nanomaterials are clays [7], silica nanoparticles [8],
graphene [9], carbon nanotubes [10] and porous silicon (PSi) [11].

1.2 Nanostructured porous silicon (PSi)

In recent years, nanostructured porous silicon (PSi) has been extensively used
as an attractive and flexible material for biomedical applications mainly related to the
development of platforms for drug delivery [12]. PSi is prepared by electrochemical
anodization of highly doped crystalline silicon wafers, in aqueous and organic solutions
containing hydrofluoric acid (HF) and a surfactant (ethanol). This type of synthesis
makes it possible to modulate various characteristics of PSi to control the load and
release kinetics of therapeutic agents according to the required applications. Porous
silicon particles (PSip) are characterized by having a large surface area (~ 500m?/cm?)
and a highly reactive surface that can be chemically modified, through functionalization
or chemical conjugation with other biomolecules of interest [13]. The pore size and
porosity of the PSip can be adjusted by manipulating the synthesis parameters (current
density and attack time) to use them as reservoirs of therapeutic agents of different
sizes [14]. In addition, it is important to highlight that PSip have high biocompatibility

and biodegradability since they degrade, in a physiological conditions, it is converted



to monomeric silicic acid (Si(OH)4), which is the most natural form of silicon that exists

in the environment [15].

It has been shown that PSip have resistance to chemical degradation and
changes in pH, due to this PSip can be considered as transporting and releasing
vehicles for drugs [16]. Some studies that have demonstrated the use of PSip as
vehicles are those carried out by Salonen et al, they studied the releases of 5 drugs:
furosemide, griseofulvin, antipyrine, ranitidine and ibuprofen and showed that release
kinetics can be obtained in periods of 50 - 350 minutes, depending on interaction of the
PSip with the drugs, the pH of the medium and the solubility of the drugs [17]. Another
example is that of Maniya et al, they studied the release of an antiviral Acyclovir and
demonstrated that release kinetics can be obtained in periods of 3-8 hours, which
depends on the surface chemistry of the PSip [18].

Although PSip can control drug release behavior, increase oral bioavailability,
and drug efficacy, and reduce adverse side effects, they have the disadvantage of the
rapid rate of drug release and/or therapeutic agent. One strategy to control the rate of
drug release is to coverage the PSip with a biopolymer. The most used biopolymers in
this application are natural polymers such as agarose, collagen, polylysine, dextran,
hyaluronic acid, chitosan, pectin, carboxymethylchitin, gelatin; in addition, synthetic

polymers, and a combination of natural and synthetic polymers [19].

1.3 Chitosan (CH)

Chitosan is a cationic polysaccharide that is commercially available with different
degrees of deacetylation (DD) and molecular weights (MW). This polysaccharide is
produced from chitin through a deacetylation process that involves alkaline hydrolysis.
It is interesting highlight that chitin is the second most abundant biopolymer in the world,
is a renewable and sustainable product, and it has a low-cost. Chitin is obtained mainly

from the seafood industry as a waste product, this product is used as a pharmaceutical



raw material. Other sources of obtaining chitin are bacteria, fungi, and crustacean
shells [20,21]. The properties of CH come from the combination of DD and MW [20].

CH is a hydrophilic copolymer of glucosamine and N-acetylglucosamine. It is
considered a reliable excipient due to its advantageous properties. CH has a pKa value
of 6.3, that is, at pH values > 6 CH has low solubility, its improve effect is conditioned
at the sites of absorption and loses its positive charge, forming aggregates and
precipitating from solution [22]. However, a contrary behavior is shown at pH values <
6. CH has high solubility and positive charge, this characteristic provides good
properties such as the ability to open tight junctions improving absorption, better
interaction with cell membranes and excellent mucoadhesive properties [23]. This
attractive property has been used to design drug delivery systems for different vias of
administration. The positive charge of CH is the main reason for the mucoadhesion
properties. Electrostatic interactions between positively charged CH and negatively
charged mucin, presents in the mucus layer, are considered the reason for its good
adhesion on mucosal surfaces [21]. Mucoadhesive properties of CH are mainly a
function of MW and DD. It has been shown that the mucoadhesive properties of CH
increase with high MW and DD, however, high MW and DD decrease the
biodegradability of CH, thus preventing the release of therapeutic agents [24]. In vitro
studies to determine the mucoadhesion of chitosan have been carried out indirectly, in
which the adhesion of mucin on chitosan was evaluated, obtaining mucoadhesion

forces ranging from 61.9 to 72% [25].

Based on this information, the idea is to produce a vehicle that allows the drug
to be protected and transported until the target site is reached. Once there, fix it in the
physiological membrane of interest, so that it can act as a metering valve for the
therapeutic agent. Finally, the SiP/CH composite is a promising material for both

controlled release and permeability of drugs through intestinal cells.



1.4 Tramadol hydrochloride (TR)

In this work, TR is used as a model drug to evaluate the release profiles of TOPSip
and designed composites. TR is an analgesic used for the treatment, management,
and relief of moderate to severe pain. TR exhibits opioid and non-opioid activity
primarily in the central nervous system (CNS) and it is associated with morphine and
codeine, which is 1/10 less powerful than codeine and 1/6000 than morphine. TR was
approved as a synthetic analgesic in 1995 by the Food and Drug Administration (FDA)
[26]. TR is a reuptake inhibitor of norepinephrine and serotonin. It is suggested for
patients who do not respond to certain therapies, or who have contraindications to
cyclooxygenase-2 (COX-2) inhibitors and non-selective anti-inflammatory drugs
(NSAIDs) [27]. There is a wide variety of pharmaceutical formulations available for TR,
which have been administered by different vias including oral, intramuscular,
subcutaneous, intravenous, and sublingual [28]. After TR oral administration (main
route of administration), TR shows a very fast and almost complete absorption, showing
a maximum mean plasma concentration after 2 hours of being administered. TR
undergoes first-pass metabolism in the liver and has a bioavailability of approximately
70%. Approximately 20% of the drug binds to plasma proteins and has a half-life of 6
hours. The extraction process involves the kidneys almost entirely. TR is excreted in
the urine in different forms, approximately 30% as unchanged drug, 60% as
metabolites, and 10% is excreted in the bile. Regarding its solubility, TR is not soluble
in organic compounds, it is slightly soluble in acetone and very soluble in methanol and
water (more than 20 mg/ml in the pH range of 1.2 to 7.5) [26]. TR is administered every
4 to 6 hours in doses of 50 mg to 100 mg, depending on the needs of the patient,
without exceeding a maximum daily dose of 400 mg. The average effective daily dose
of TR is between 100 mg and 300 mg [27].
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2. JUSTIFICATION

Based on the advantageous properties of biodegradability, biocompatibility and
mucoadhesiveness of the designed composites (UnPSip/CH and TOPSIp-
OH/A/G/CH), the option of developing new hybrid materials as transport and delivery
vehicles for therapeutic agents. In this way, by modifying the synthesis parameters of
the composites, the physicochemical and morphological properties can be modulated
that allow control of the release, improve the bioavailability and efficacy of the
therapeutic agents.

3. HYPOTHESIS

Functional PSip/chitosan composites designed with careful control of their particle
size and pore size, surface chemistry, shape, and porosity, impregnated with tramadol
will be able to act as sustained release systems. The biodegradability, biocompatibility
and mucoadhesive properties of the composites will allow a safe and sustained release
of tramadol and will ensure greater permanence and permeability of tramadol at the
target site. In addition, using the PSip will increase the adsorption of tramadol and will

have a double control of release, from inside the PSip and through the chitosan chain.

4. GENERAL OBJECTIVE

Design, synthesize and characterize last generation functional composites based
on nanostructured PSip/chitosan and evaluate their potential application as transport

and release vehicles for tramadol.

5. SPECIFIC OBJECTIVES

e Determine the synthesis protocol to obtain PSip and determine the effect of the

synthesis parameters on morphology, porosity, particle size and pore size.



Synthesize and determine the methodology for obtaining and functionalizing
the PSip, with the different reagents (thermal oxidation, APTES-GTA, UA), and
optimizing the factors that intervene and directly modify the size (pore and
particle), thickness and porosity of the PSip.

Determine the morphological and physicochemical properties of PSip, using
characterization techniques such as HRSEM, HRTEM, FTIR, etc.

Determine the protocol to perform the loading of tramadol in PSip, evaluate the
loading percentage, and determine the in vitro release kinetics by simulating
the local environment of the gastrointestinal system.

To evaluate the TOPSIip-OH / TR nanostructured composites in carrageenan-
induced hyperalgesia and edema models.

Optimize the APTES functionalization of PSip parameters.

Incorporate the chitosan to the PSip by chemical binding using APTES-GTA
and UA as bridges and establish the synthesis methodology.

Determine the morphological and physicochemical properties of the
UnPSip/CH and TOPSip-OH/A/G/CH composites, using characterization
techniques such as HRSEM, HRTEM, FTIR, etc.

Evaluate the mucoadhesive properties of the UnPSip/CH and TOPSip-
OH/A/G/CH composites by mucin adsorption.

Evaluate the percentage of tramadol loading in the composites and monitor the

release kinetics in vitro simulating the gastrointestinal system.

Obtain the in vitro release kinetics modeling of PSip and composites.
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CHAPTER 1

Porous silicon microparticles as nanovehicles for the
sustained release of tramadol: Kinetic, physicochemical
and biological evaluation

Candida A. Cisneros-Covarrubias, César F. A. Gomez-Duran, Patricia Aguirre-
Bafiuelos, Rosa Alejandra Hernandez-Esquivel, Gabriela Palestino.
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ABSTRACT

Thermally oxidized porous silicon particles (TOPSip) have been widely studied
as drug delivery systems for sustained release. In this work, TOPSip with different
particle and pore sizes were synthesized by electrochemical etching and used as
vehicles for the transport and sustained administration of tramadol hydrochloride (TR),
a centrally acting opiate analgesic. The physicochemical and morphological properties
of nanostructured TOPSip were fully characterized by Fourier transform infrared
spectrometry (ATR-FTIR), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and zeta potential techniques. TOPSip showed particle sizes from
0.8 to 31 um and pore sizes from 6 to 67 nm. TR loading capacity in TOPSip-OH was
quantified by UV-Vis spectroscopy, high pore size dependence of TOPSIip-OH was
observed. TOPSip-OH with pore size ~6 nm exhibited a TR loading capacity of 10%,
whereas TOPSip-OH with 67 nm pore size shown an increase in loading capacity of
tramadol up to 31%. TR release was carefully studied in simulated gastric fluid (pH 1.2)
and simulated intestinal fluid (pH 6.8). TR released profiles demonstrated that TOPSip-
OH with ~6 nm pore size exhibited a sustained release up to 24 h with burst effect
depending on pH. Release profiles of TOPSip-OH were compared with the release
profile of a commercial extended-release tramadol formulation (CERF) in both pHs. It
was observed that CERF released TR quickly and entirely at 1 h. TR cumulative release
data were fitted using different mathematical models. Korsmeyer-Peppas was the most
appropriate model adjusted for both simulated fluids: gastric and intestinal. Through in
Vivo assessment, it was demonstrated that TR-loaded TOPSip sustains antinociceptive
and anti-inflammatory effects compared to administration of tramadol at the same dose,

which is a novel contribution of this work.

Keywords: Porous silicon microparticles, Tramadol, Drug release, Inflammation,

Nociception, Commercial tramadol formulation.
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1. INTRODUCTION

Sustained drug delivery systems are extensively explored to solve problems
such as low in vivo stability, poor solubility, and inefficient intracellular delivery. These
systems' main objective is to improve drug performance, increase drug action,
decrease dose required and dosing frequency, and most importantly, reduce side
effects. In recent years, an alternative widely studied is developing micro and
nanocarriers, which improve mobility in biological systems and enhance delivery in the
site of interest. Several micro-nano systems have been designed and used based on
inorganic, organic, or composites micro-nano particles. Since the 50's decade, porous
silicon (PSi) particles have been investigated owing to their numerous applications in
sensors and biosensors [1-6], biomolecular screening [7], and drug delivery [8-20].
Their exciting properties, such as biodegradability [21,22] and high loading capacity for
therapeutics [21], highlighted them as a recognized micro-nanocarrier for drug-delivery
application. Nanostructured PSi possesses pores that act as reservoirs for drug
loading. The amount of therapeutic able to load depends on particle size, pore size,
and porosity. Several groups have studied these properties by modifying various
synthesis conditions [23-28]. Although several processes have been reported to
synthesize PSi particles, electrochemical etching of crystalline silicon wafers is the
most used due to its flexibility to manipulate pore size and porosity [26, 29].

The current density and etching time can be easily manipulated during the
electrochemical process, allowing a simple way to modify the PSi nanostructure.
Studies on current density variation have been made showing a reasonable control of
pore size [26]. Additionally, hydrofluoric acid (HF) concentration combined with current
density offers increasing linear porosity to high current density [21,22]. In addition,
different alcohols have been used for electrolyte solutions and have shown an effect

on pore size and directly affected the pore growth process [23,27,28].

Moreover, the perforations method introduced by Qin et al. [27] has remarkably

contributed to obtaining size homogeneity in PSi particulate material. The method
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consists of applying periodically high current pulses (for a few seconds) during the
electrochemical etching process. This action introduces cleavage sites parallel
(perforations) to the wafer face [27]. As the method for producing PSi particles is top-
down assisted by ultrasound, the perforations help break the PSi porous film more
controllably. The particle thickness depends on the perforations' frequency. Many
perforations usually produce smallest particle sizes. Thus, the number of perforations
created during the material synthesis depends on the particle size desired, which, most
of the time, also depends on the material application. However, for this method to be

successful, a careful selection of the synthesis parameters must be made.

For drug loading, having reasonable control of porosity and pore size is essential
because they determine the material loading capacity. Therefore, in the work we
present here, a careful study was made to determine the optimal synthesis parameters
to obtain porous silicon particles with suitable morphology to construct a drug delivery
microcarrier. Tramadol (TR), a potent analgesic used for muscle and joint pain was
used as the model drug. TR in oral administration has a short half-life (6-8 h). Thus, a
slow delivery vehicle is desirable to improve drug absorption and drug performance.
Besides, a drug-delivery system could decrease TR administration's frequency and its
side effects, such as respiratory depression and addiction [28,30]. Previous works have
reported TR nano and microcarriers with good drug release profiles. These composites
are based on alginate-chitosan microcapsules [28], proteins [31], polycaprolactone [32]
and cellulose [33] for mention some. Our group previously reported two microcarriers
based on gelatin-citric acid hydrogel [34] and gelatin PSi crosslinked composites [19].
Although these delivery systems offer good release kinetics, in vivo studies are still
missing. Additionally, they require polymers coverage or protein substrates such as
albumin zein or egg albumin that once are absorbed and metabolized trigger the drug
release [31]. However, that involve various steps and, in some cases, complicated
synthesis procedures to obtain the delivery vehicle and reach the reported drug release

profiles.
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Thus, we offer a most straightforward alternative in our work by selecting an
appropriate morphology of bare porous silicon particles to control drug dosage. A
systematic study of the experimental conditions that revealed the impact of synthesis
parameters in particle size, pore size, and particle dimensions was performed.
Electrolyte ratio, current density, ultrasonication time, and perforations number were
evaluated based on drug loading and release kinetics profiles. Particle dimensions
were tuned by introducing perforations, which increased the ability to control TR release
kinetics. In vitro studies demonstrated that extended drug dosage might be reached by
engineering particle pore size and dimension. On the other hand, in vivo studies were
conducted, denoting the therapeutic effect of TR-TOPSip microcarriers for the first time.
The anti-inflammatory and nociceptive activity were determined, which constitutes a

novel contribution of this work.

2. MATERIALS AND METHODS

2.1 Materials

Single-crystal boron-doped p-type Si wafers with a resistivity between 0-0.005
Q cm and (100) crystallographic orientation were purchased from WRS materials.
Absolute ethanol (EtOH, 95.5 %) and aqueous hydrofluoric acid (HF, 48 %) were
acquired from Monfel Industries (Mexico) and Golden Bell Chemicals (Mexico),
respectively. Sulfuric acid (H2SO4, 98 %) and hydrogen peroxide (H202, 30 %) were
purchased from Karal (Mexico) and Avantor (Mexico). Tramadol hydrochloride (TR, 99
%) and A-carrageenan type IV were supplied from Sigma-Aldrich (Mexico) and used

without further treatment.

2.2General procedure for the synthesis of PSi layers

PSi layers were prepared from boron-doped, p**-type, single-crystal Si wafers
with resistivity < 0.005 Q cm ((100)-oriented) by an electrochemical etching process.

The electrolyte was composed of 3:7 (v/v) solution of HF (48%) and absolute EtOH. Si
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wafers were placed into a Teflon etching cell (exposed area 9.6 cm?) (Fig. 1). The cell's
inner volume was filled with the electrolyte solution (10 mL), and the desired current
densities were applied to the system. After etching, the PSi layers were rinsed three
times with EtOH to remove the excess of HF and lifted off via an electropolishing step
using ten pulses of 184 mA/cm? for five seconds. The PSi free-standing films were

maintained in absolute EtOH to avoid natural aging.

HF Solution

Cathode
(Platinum)

A

Porous
_ Silicon C t
S Teflon Cell QIMpHLcE

Silicon %&
Wafer Anode
(Aluminum)

Fig. 1. Schematic representation of the electrochemical etched cell used in the PSi

synthesis.

PSi layers were obtained following two different procedures (Table 1). 1) The
traditional method, by applying a constant current density (15 or 17 mA/cm?) for a
controlled etching time (3016 or 2578 s respectively) (Fig. 2A,B), and 2) the perforation
method by introducing cleavage points parallel to the wafer's face. In this procedure,
high current pulses (50 mA/cm? for 3 s) were applied periodically after the primary layer
(low current) according to the number of perforations desired (Fig. 2C-F) [27].
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2.3Fabrication of PSi microparticles

PSi microparticles were obtained by using an ultrasonic tip (30% amplitude,
SONICS Vibra-Cell VCX-750), the free-standing PSi films were shaked (Fig. 2) in fresh
EtOH for 15, 30 or 60 minutes. Afterward, PSi microparticles were stabilized by thermal
oxidation (TOPSip). A Carbolite furnace (model STF 15/-/180) was used, the samples

were heated for 45 minutes with a ramp rate of 10 °C/min, at 450 °C under ambient air.

The impact of synthesis parameters on particle size, pore size, and porosity was
determined and evaluated. Hence, PSi films with different architectures were obtained

according to the parameters shown in table 1.

Current density (mA/cm?) (B) Current density (mA/cm?) Current density (mA/cm?)

(A) c
0 020 60 100 140 180 0 0 20 60 100 140 180 © 0 020 60 100 140 180
g X ¢ i o T Current density = 15 mA/cm?, 754 s
Current density = 17 mA/cm? 500 - Current density = 15 mA/cm? 500 - Primary layer
500
1000- 1000 \Perforation layer
1000 Current density = 50
Time (s) L— Monolayer Time (s)1500-fl }— Monolayer Time (s)1500- Ao, 3 s
1500-
2000- 2000
2000 Electropolishing step 2500- Electropolishing step 2500 Electropolishing step
Current density = 184 mA/cm? Current density = 184 mA/cm? Current density = 184 mA/cm?
2500 3000-l - ! 3000-
(D) Current density (mA/cm?) Current density (mA/cm?) E Current density (mA/cm?)
020 60 100 140 180 E) 520 60 100 140 180 (F) 020 60 100 140 180
TR T T 0 Primary layer 0 Primary layer
Primary layer Current density = 15 mA/cm?, 73 s Current density = 10 mA/cm?, 48 s
urrent density = 15 mA/cm?, 149 s 500
1000/
1000 .
Perforation layer Perforation layer Perforation layer
. ity = ’ Ci t density = 50 . 2000 Current density = 50
Time (s)1500 Curr;rzli;r?;ys 50 Time (s)1500- S St 54 Time (s) mAfcm?, 35
2000+
3000
Electropolishing step 2500 Electropolishing step Electropolishing step
Current density = 184 mA/cm? Current density = 184 mA/cm? 4000 Current density = 184 mA/cm?
3000-

Fig. 2. Schematic representation of free-standing PSi layers showing the different
architectures. Single monolayers etched at (A) 17 mA/cm? for 2578 s, and (B) 15
mA/cm? for 3016 s. Multilayers formed by perforation method, the primary layer was
obtained at 15 mA/cm? at the following etching times (C) 754, (D) 149, and (E) 73 s.
(F) primary layer obtained at applying a current density of 10 mA/cm? for 48 s.
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According to the design, perforations were produced periodically by applying a current

pulse of 50 mA/cm? for 3 s after each primary layer.

Table 1. Experimental conditions for preparation of porous silicon particles.
Material Electrolyte gg;rseltnt Etching  Ultrasonication
arquitecture HF/EtOH (mA/cmyZ) time (s) time (s)
TOPSipm1 Monolayer 3.7 17 2578
TOPSipm2 Monolayer 3:1 3016
Multilayer 3016
TOPSip- 900
P-4 (4 cycles) (754/cycle)
. Multilayer (20 15 3016
TOPSip-20 cycles) (149/cycle)
3:7
. Multilayer (40 3016
TOPSIp-40
cycles 73/cycle
ycles) (73/cycle) 3600
. Multilayer (80 4057
TOPSIp-20 cycles) 10 (48/cycle)

2.4TR loading and quantification in TOPSip

TR loading was carried out by modifying the TOPSip surface chemistry through

the hydroxylation method. Thus, 15 mg of each set of microparticles were placed in

separated vials and dispersed in 3 mL of piranha solution (H2SO4/H202 in the volume

ratio of 1:1.6).

The suspensions were allowed to react for 60 minutes. Afterward, the

TOPSIip-OH suspensions were centrifuged at 5500 rpm for 10 minutes, and the

supernatant was removed. The hydroxylated microparticles were rinsed several times

with deionized water to remove the reactants excess (H2SO4/H202).

TR loading was carried out by the immersion method (Fig. 3). 15 mg of each set

of TOPSip-OH were mixed with 3 mL of TR aqueous solution (25 mg/mL). The

suspensions were stirred using an orbital shaker at 130 rpm until reaching equilibrium
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(at least 24 h). Finally, TOPSip-OH/TR microparticles were centrifuged at 4000 rpm for
2 minutes and rinsed two times with deionized water and acetone. Wet particles were
dried in the oven at 60 °C overnight, without further treatment. TR adsorption on the
TOPSIip-OH surface and pores was promoted by intermolecular interactions between
surface TOPSip-OH groups (SiO-, Si-OH) and the functional groups of TR (-OH, -
NHRs*-) (Fig. 3).

l 7 OH
TOPSip TOPSip-OH O:Qw

o
Hidroxilation TR solution s
—_— _
H,SO./H,0, rt. 24 hr. I
116
r.t. 60 min. OE OH
= N
OH| e
: @ OH: © . o)

H
(o HIN(©) TR:

Fig. 3. Scheme of TOPSip hydroxylation and TR loading into TOPSip-OH by

immersion method.

Quantification of TR loaded into TOPSip-OH was obtained by UV-Vis
spectroscopy (Cary 60 UV-Vis). For the analysis, loaded TOPSip-OH were prepared
as mentioned in section 2.3. TR molecules diffused from impregnation solution into
TOPSIip-OH pores during the loading process, reducing the supernatant's
concentration. TR no specific binding was removed by rinsing and centrifugation. Then,
the TOPSIip-OH/TR (2 mg) composites were placed in 1 mL of KOH (2M) solution.
Under these conditions, the hydroxide ions degrade TOPSip-OH materials producing a
soluble form of silicon, orthosilicic acid (Si(OH)4) [36, 37]. This product has not
absorption in the UV-Vis spectrum. Once TOPSip-OH is degraded, TR diffuses into the

KOH solution. TR concentration was measured using a calibration curve in the range
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from 50 to 1000 ppm (R? = 0.9988), at 271 nm (maximum absorption of TR) [37,38].
The percentage of TR loaded was calculated using Eq. 1 [39-41].

Amount of drug (mg) X
Amount of drug (mg)+Amount TOPSip—OH (mg)

Loading capacity (%) = 100 1

2.5In vitro TR release

TR release profiles were performed by dispersing 2 mg of each set of TOPSip-
OH/TR in 0.5 mL of KCI/HCI buffered solution (pH 1.2) or acetates buffered solution
(pH 6.8) under sink conditions at 37 °C = 2 °C, simulating the TR process desorption in
the human organism. A buffered solution with TOPSip-OH/TR was centrifuged at
12,000 rpm to separate the released TR from TOPSip-OH micropatrticles, and sampled
aliquots at each selected time interval from the supernatant (0.4 mL) were collected.
The concentration of the released TR was measured spectrophotometrically (Agilent
Technologies, Cary 60 UV-Vis) at 271 nm (maximum absorption of TR) using external
standard calibration curves in both buffered solutions in the 5 to 100 ppm (R? = 0.999)
range. Based on the sink conditions protocol, aliquots were replaced with fresh buffer
(0.4 mL) after measurement. The percentage of drug release was calculated by

applying Eq. 2 [19].

TR released (%) = %xlOO 2
0

where Mt is the amount of drug released at any time (t) and Mo is the total mass of TR
loaded into TOPSI-OH.

2.6 Physicochemical characterization of TOPSip
2.6.1 High-resolution scanning electron microscopy (HR-SEM)

HRSEM micrographs of TOPSip layers (top and crossectional views) were

obtained using a field emission microscope (Dual Beam FIB/SEM FEI-Helios Nanolab
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600) at accelerating voltage of 5 keV and 86 pA with a spot size of 4.0 mm.
Backscattered and secondary electrons were used at 200, 6000, 50000, 100000, and
150000 x magnification.

2.6.2 High-resolution transmission electron microscopy (HR-TEM)

TOPSIip micrographs were obtained using an HRTEM/STEM JEOL JEM-2100
microscope operated with acceleration voltage at 200 kV and resolution of 0.14 nm at
20000, 30000, and 40000 x magnification.

2.6.3 Fourier transform infrared spectrometry (ATR-FTIR)

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
was used to characterize the functional groups on the PSi films in all the modification
steps and before and after TR loading. Agilent Cary 600 Series FTIR instrument
equipped with a Slide-On diamond ATR device were used to record the spectra. The
recording was performed with a resolution of 4 cm, 32 scans, in an interval of 4000
and 500 cm, and at room temperature.

2.6.4 Zeta ({)-potential

Stability and the surface zeta potential distribution ({-potential) were measured
as a function of pH using electrophoretic light scattering (ELS) on a Zetasizer Nano ZS
(Malvern Instruments), before and after TR loading (TOPSIip-OH/TR) and as a
reference TOPSIip-OH. Isoelectric point (IEP) from TOPSip, TOPSip-OH, and TOPSip-
OH/TR was determined in the pH value where potential shows a zero value (neutral
charge). C-potential measurements were carried out in different vials, 2 mg of each set
of microparticles and 1 mL of the desired buffer solution were added: pH 1 (KCI/HCI),
pH 3 (acetates), pH 7 (phosphates), and pH 9 (borax/HCI). All suspensions were

strongly mixed, using an ultrasonic bath (Branson) for 20 minutes to disperse the
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particles, and 4 hours later, the supernatants of each vial were measured. Isoelectric
point analysis was carried out at room temperature; measurements were acquired in

triplicate for each sample.

2.6.5 Gravimetric analysis

The porosity of PSi layers was determined by gravimetric analysis applying EQ.
3. In this equation, m1 is the weight of the Si substrate before the electrochemical
etching, m2 after porous layer formation, and ms after porous layer total removal by
dissolution in KOH (2 M aqueous solution) [13].

Porosity (%) = ——2

mp;—mgs

2.6.6 Statistical analysis

All values are reported as the mean * standard deviation of the mean from at

least three independent experiments.

2.7In vivo assessment
2.7.1 Animals

Male Wistar (330 g) rats were obtained from Harlan, Mexico, and were housed
in plastic cages in a temperature-controlled room (22 °C), with a 12-h light/dark cycle.
The animals had free access to food and tap water up to the time of the experiment.
Each rat was used only once and euthanized by carbon dioxide inhalation at the end
of the test. All procedures were conducted in accordance with the "Guidelines on
Ethical Standards for Investigation of Experimental Pain in Animals" [42] and approved
by the ethical committee of Medicine School of University Autonomous of San Luis
Potosi (BGFMUASLP-09-02).
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2.7.2 Treatments

Animals were randomly allocated in six experimental groups (n = 4) according
to the following treatments: a) control saline, b) bare TOPSip-OH, ¢) TR (3.3 mg/Kg),
d) TR (13.5 mg/Kg), and two TOPSIip-OH/TR composites loaded with e) 3.3 mg TR/Kg
(TOPSIip-OH/TRwm2) and f) 13.5 mg/Kg (TOPSip-OH/TR-40). All treatments were diluted
with saline 0.9% and administered orally (1 mL/Kg).

2.7.3 Assessment of inflammation

Inflammation was evaluated using the carrageenan-induced paw edema test
according to the method of Winter [43]. Paw edema was induced in rats by injection of
100 uL of carrageenan 0.1% in the left hind foot paw. Paw thickness was determined
using a digital caliper at 0, 2, 4, 6, 8, and 12 h. Anti-inflammation response data were
evidenced as the statistical difference in the area under the curve of thickness vs. time,

compared with control or the selected treatment.

2.7.4 Assessment of mechanical nociception

Mechanical stimulus was measured as the paw's withdrawal force threshold in
rats with carrageenan-induced edema, as previously described by Vergnolle [44], at O,
2, 4, 6, 8, and 12 hours. Mechanical antinociception response was defined as the
difference between the area under the curve of threshold vs. time in treated animals
and compared to the control.
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3. RESULTS AND DISCUSSIONS
3.1Morphological characterization of TOPSip

The batches of thermally oxidized PSi microparticles were morphologically
characterized by scanning electron microscopy. Fig. 4 shows the cross-sectional
images of various PSi monolayers and multilayers obtained varying the synthesis
parameters (current density, electrolyte ratio, or perforations number). Fig. 4A,B shows
the monolayers obtained at 17 and 15 mA/cm? and 3:7 and 3:1 HF:EtOH ratio,
respectively. These parameters were established to obtain single monolayers with
differences in pore sizes and particle thicknesses. It is well known that variations in the
electrolyte concentration induce drastic changes in porous films' morphology. This was
confirmed by synthesizing single monolayers at 15 and 17 mA/cm? while maintaining
invariant the electrolyte ratio (3:7); as expected, the pore size and thickness had no
significant differences (results not shown). Thus, PSi microparticles with greater
thickness and smaller pore sizes were obtained by using 3:1 HF:EtOH electrolyte (Fig.
4B) [45].

HR-SEM images showing a lateral view of primary and perforated layers built
periodically throughout the PSi multilayers are displayed in Fig. 4C-F. The PSi
multilayers showed a total thickness of ~20 um that agrees with the theoretically
calculated value. The thickness of the primary porous layers was determined by the
number of perforations made along the PSi structure. Thus, samples with 4, 20, 40,
and 80 perforations produced primary layers with thicknesses of 5.62, 0.99, 0.5, and
0.25 um. In all cases, straight and uniform pores randomly distributed on the surface in
the crystallographic direction <100> are observed, suggesting the formation of not

interconnected pores.
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Fig. 4. Cross-sectional HRSEM images of thermally oxidized PSi layers. Single
monolayers etched at (A) 17 mA/cm? for 2578 s (TOPSipm1), and (B) 15 mA/cm? for
3016 s (TOPSipwm2). Multilayers formed by perforation method, the primary layer was
produced using 15 mA/cm? current density at the following etching times (C) 754 s
(TOPSip-4), (D) 149 s(TOPSip-20), and (E) 73 s (TOPSip-40). (F) Multilayer with a primary
layer obtained at applying 10 mA/cm? current density for 48 s. After each primary layer,
perforations were made by applying a current pulse of 50 mA/cm? for 3 s. The applied
current density was periodically varied between these two values generating a total of

4, 20, 40, and 80 perforations for samples (C) to (F), respectively.

PSi microparticles were obtained following the ultrasonic fracture method.
Hence, morphological characterization of TOPSip nanostructures was obtained by
selected HR-SEM micrographs. ImageJ software (National Institutes of Health [NIH],
Bethesda, MD, USA) was used to obtain the needed data. Average size, thickness,

and pore dimensions were calculated, measuring at least 150 PSi microparticles
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randomly selected in the images. Porosity was determined from gravimetric

measurements.

Fig. A,B shows that TOPSip particles obtained by ultrasonic fracture of single
monolayers (TOPSipmi, TOPSipwm2, Table 2) display irregular shape and particle size
similar to that observed in the attached monolayer (Fig. 4A,B). These results indicate
that the porous films' ultrasonic fracture was predominantly carried out along the pore
growth axis (<100>). This method produced randomized shape and high dimensions
PSi microparticles. The effect of electrolyte concentration in pore sizes dimension was
confirmed in Fig. 5G,H (top view images), which respectively correspond to 3:7
(TOPSipwm1) and 3:1 (TOPSipmz2) HF:EtOH ratio. It is observed that a lower amount of
ethanol in the electrochemical etching solution drastically reduces the pore sizes (6 +
1.1 nm, Table 2) and the porosity of PSi particles (Fig. 5H). This effect is due to the
lack of surface wettability. A high concentration of HF produced a fast electrochemical
etching limited to a single site on the surface of crystalline silicon. This low spread of

HF produces tiny and deep pores (Table 2). Likewise, the porosity also decreases.

On the other hand, TOPSip particles obtained by the perforation method showed
more homogeneity and smaller particle size. The addition of periodical high current
density pulses (perforations) as film fracture points allowed us to have better particle
size control and smaller size microparticles than those prepared using a single
monolayer [27]. The accuracy of the method was confirmed by systematically
increasing the number of perforations. From HR-SEM images (Fig. 5C-F), it was
observed that TOPSip microparticles size is perforation-number dependent. When
increasing the number of perforations, the particle size decreased. Furthermore,
TOPSIip micropatrticles' thicknesses (see Table 2) was in good agreement with those of
the primary porous layers observed in the undetached PSi samples (Fig 4C-F). These
results confirmed that the inclusion of perforation in the PSi layers significantly
improves the homogeneity of TOPSIip [27].It is also important to mention that the
porosity of the TOPSip remained constant when they are etched at the same electrolyte

ratio.
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On the other hand, it was found that microparticle pore size is perforations
number linear-dependent (Fig. 5I-L, Table 2). This behavior is probably produced by
the high current density used to produce the cleavage layers. The high current density
might promote a higher rate of electrochemical etching, which causes the enlargement
and fusion of the pores, producing pores with irregular shape and pores coalescence
(Fig. 5K,L) [25,46]. This effect widens pore sizes (standard deviation) and limited the
number of perforations made during the synthesis. In our case, under the reported
parameters, the maximum number of perforations was 80; for a greater number, the
porous film was broken during the electrochemical etching procedure. TOPSip-so
prepared with 80 perforations showed the smallest particle size (0.8 £ 0.01 um) and
medium pore size (32 = 15) (Table 2).
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Fig. 5. HR-SEM and HR-TEM micrographs showing particle size, thickness, and pore
dimensions of TOPSip microparticles. Single-layers: (A,G) TOPSipm1 and (B,H)
TOPSipmz. Perforated layers: (C,I) TOPSIip-4, (D,J) TOPSip-20, (E,K) TOPSip-40, and
(F,L)TOPSip-so.
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Table 2. Patrticle size, thickness, pore size, and porosity of TOPSip microparticles

Sample Average particle Thickness Average pore size Porosity
size (um) (Hm) Qly) (%)
TOPSipm2 31+12 277 6+1.1 57+1.3
TOPSIip-4 217 4+0.8 48 £ 13 87+3
TOPSip-20 5+£15 1+0.2 52+12.5
TOPSIp-40 1+0.31 0.5+0.08 67 £ 17
TOPSip-so 0.8+£0.01 0.22 £0.05 32+15 89+25

3.2FT-IR of TOPSIip-OH pre-TR-loading and post-TR-loading

TR loading on TOPSip was determined by Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR). This technique was also used to confirm
chemical modifications on TOPSip surface after each step. As shown in Fig. 6A, pure
TR displays a strong and sharp absorption band at 3305 cm* assigned to v(O-H) and
at 702 cm* due to 6(OH). The absorption band located at 1477 cm™ is attributed to
0(CHs3), while the band centered at 1288 and 1240 cm corresponded to v(C-N) and
v(CO), respectively. The IR spectrum of TR also shows a group of bands attributed to
the presence of aromatic compounds: 3065 cm* and 1576 cm™ v(C-H), 2929 and 2860
cm? v(C-H), and 1606 cm™ v(C=C) [47-49].

On the other hand, TOPSip IR spectrum displays a strong band at 1060 cm™?,
characteristic of siloxane groups v(Si-O-Si), confirming the PSi microparticles surface's
thermal oxidation. The shoulder located at 1184 cm* indicates oxygen as a suboxide
species. Absorption bands located at 2165 and 2183 cm™ are assigned to v(OySiHx)
species. The PSi microparticles hydroxylation (TOPSip-OH) was confirmed by the
presence of the 3389 cm absorption band, characteristic of v(O-H) (Fig. 6B) [16].
Figure 6C shows IR spectrum of TR-loaded TOPSIip-OH microparticles on which

28



distinctive bands attributed to TR functional groups are observed, confirming TOPSip-

OH/TR surface attachment.
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Fig. 6. ATR-FTIR spectra of (A) TR, (B) TOPSip-OH and (C) TOPSip-OH/TR.

3.3TR loading on TOPSip-OH

The capability of TOPSip-OH to physically adsorb TR was evaluated as a
function of pore dimensions. Table 3 shows the calculated drug loading percentages.
All microparticles adsorbed TR, which confirms the excellent interaction between
functional groups of PSi substrate and the therapeutic. It is noticed that TOPSip-OH
pore size has a strong effect on the amount of TR loaded into the microparticle. Among
the six TOPSip-OH samples that were evaluated, microparticles obtained by the single-
layer method without perforations (TOPSip-OHwmz) and 3:1 HF:EtOH ratio produced the
lowest TR loading. This is attributed to the small pore size (6 £ 1.1) and low porosity

29



(57 £ 1.3 %) of the sample that limits the infiltration of TR molecules [50]. TOPSip-OHwm2
pore size is only ~ 5.5 times larger than the TR molecules (X = 10.83, Y = 9.26 and Z
=6.75 A), TR overall volume is 255.47 A3[19].

Fig. 7 displays the % of TR loaded as a function of microparticles pore size.
When the pore size increases, the loaded amount of TR becomes higher. The highest
drug loading was found in TOPSip-OHss and TOPSip-OHwm1 microparticles, which is
attributed to their large pore size. The increasing pore size improves TR molecular
diffusion and, for consequence, the molecular binding on pore walls, which resulted in
a better drug packing efficiency [40,51]. These findings agree with previous studies
reported for other porous materials like mesoporous silica nanoparticles [52-54]. In
addition, it is observed that TOPSIip-OHs1 and TOPSip-OHs2 showed close drug

loading capacity, which is attributed to pore size similarity.

Table 3. TR loading as a function of TOPSip-OH pore size.

Average 40
pore size loading
(nm) (%)
—~30 -
TOPSip-OHw1 57 +11.5 29+25 | & . ToRspo.
o
TOPSip-OHw»  6%11  104%25 | § o,
20 . ® TOPSip-OH.,,
TOPSip-OH.«  48+13  21.3+0.7 ::_’ ?  Torspon,
TOPSip-OHz20 52+125 23.6%6 "
10 + °
TOPSip-OH40 67+17 31.3+4.8
TOPSip-OHs 32+15 183+2.4 o 10 20 3 40 s e 70
Average pore size (nm)

Fig. 7. TR loading as a function of the

pore size of the TOPSIip-OH.
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3.4¢-potential analysis

C-potential is a useful method for verify surface functionality or stability of

dispersed patrticles. Therefore, information on the surface charge of materials can be

obtained using {-potential analysis [55]. For drug loading and release,  value is useful

for determining optimal pH conditions that facilitate drug-particle interactions. Hence,

the surface charge and stability of TOPSip-OH as a function of pH were studied before
and after TR loading. TR adsorption on TOPSip-OH surface was promoted by
intermolecular interactions between surface TOPSip-OH groups (SiO-, Si-OH) and TR
functional groups (-OH, -NHR3*-) [19]. Fig. 8 shows TR speciation diagram (pKa values
9.41 and 13.1) [37]. It can be observed that pH below 9.41 provides a positively charged

molecule, mainly due to the tertiary amine protonation. Between 9.41 < pH < 13.1,

neutral TR molecule predominates, and above pH 13.1, hydroxyl dissociation is

promoted, providing a negatively charged molecule.
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Fig. 8. Speciation diagram of TR.
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The (-potential characteristic curves and the isoelectric point (IEP) of TOPSip-
OH microparticles before and after TR adsorption are displayed in Fig. 9. The IEP of
unmodified TOPSip-OH was found at 2.1, in agreement with previous reports [56-58].
The curve indicates the presence of different dissociated species. Si-OHz2" species are
found below pH 2.1, whereas Si-O" species predominate above this value. TOPSip-OH
are negative in almost all the studied pH range [16]. After TR loading in TOPSip-OH,
IEP shifted to higher values, IP = 3 for the sample TOPSip-OH-40 and IP = 2.4 for the
sample TOPSIip-OH/TRm2. This effect is attributed to the physical adsorption of
therapeutic molecules by intermolecular bonds (ion-ion electrostatic forces and
hydrogen-bonding) among the silanol (Si-OH) and siloxane groups (SiO°) of TOPSip
and hydroxyl (OH) or protonated tertiary amine (R-NH*(CHz)2) groups of TR molecule.

However, it is possible to notice that throughout the studied pH, the TOPSip-
OH/TR (-potential curves of composites corresponding to the highest (TOPSip-
OH/TRa3) and lowest (TOPSip-OH/TRwm2) drug loading showed significant differences
from each other (Fig. 9). It is well known that {-potential can be used to determine if
drug-loaded is encapsulated within the particle or on the surface. Thus, if the drug is
mainly infiltrated into the pores, the {-potential would be close to {-potential of bare
particles [59-61]. Based on this information, the higher {-potential observed in the
composite with bigger TR loading (structure with larger pores) is attributed to TR
molecules that are found over TOPSip-OH surface besides being located inside the
pores. In contrast, TOPSip-OH/TRwm2 characterized for its tiny pores and low TR loading
capacity, showed a -potential curve similar to that of bare TOPSip-OH, indicating that

TR molecules are predominantly into the pores [62].
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Fig. 9. C-potential curve vs pH for TOPSip-OH (black line) and TOPSip-OH/TR with
different TR load; TOPSip-OH/TRwm2 (pink line) and TOPSip-OH/TR-40 (green line).

3.5In vitro TR release study

The TR in vitro cumulative release profiles from TOPSip-OH and a commercial
extended-release formulation were evaluated in simulated gastric fluid (SGF, pH 1.2)
and simulated intestinal fluid (SIF, pH 6.8) at 37 °C, under sink conditions. The TR
release kinetics was evaluated for 24 h, samples from the supernatant were taken at
different intervals of time. Results are shown in Fig. 10A,B. The cumulative release
profiles of CERF (taken as reference) in both media showed a strong burst effect during

the first 30 min and a low capacity to induce TR-controlled release. In both media, 100
% of the drug was released in ~3 h.
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The inspection of TOPSip-OH/TR composites shows more sustained and
controlled TR release profiles (over 24 h) compared to CERF in both simulated fluids.
TOPSIip-OH/TR composites in SGF behave similarly, releasing by burst effect,
approximately 53—-80 % of TR during the first 30 min. The highest and lowest burst
effect was observed in TOPSip-OH/TR-40 (80 %) and TOPSip-OH/TRwm2 (53 %). Initial
burst release from PSi composites can be explained in terms of microparticles stability
and low binding affinity between TOPSip surface and TR in strong acid media. As
observed in TR speciation diagram (Fig. 8), TR molecule has a positive charge in acid
media, while TOPSip are quite unstable (2 mV) and positively charged due to the
protonation of silanol (Si-OH) groups [16]. Therefore, at pH 1.2 (SGF), the PSi
functional groups reverse their charge, producing TR's spontaneous desorption, mainly
due to electrostatic force repulsion. However, after 30 min, the TOPSip-OH/TR
composites showed a sustained and more controlled drug delivery up to 24 h. The
cumulative release kinetics of TOPSip composites showed different profiles depending
on microparticle pore size. The material with the largest pore dimensions (TOPSip-OH-
40) showed a faster drug release than the smallest one (TOPSip-OHwmz), indicating that
a good control in pore size is enough to reduce the TR delivery rate, even in
circumstances where the repulsion forces dominate. In this case, the drug release
kinetics mechanism is governed by the molecular diffusion through the pores. Quite
different behavior was observed when changing the pH of the medium. In SIF (pH 6.8),
the burst effect is lower (35 - 63 %), attributed to greater stability of TOPSip-OH in this
medium and a higher binding affinity between TR and microparticles surface. In SIF
(pH 6.8), TR has a positive charge, and TOPSip-OH are negatively charged due to
siloxane groups (SiO"). Therefore intermolecular forces between TOPSip-OH surface
and TR are favored, leading to more negligible TR desorption [16]. It is possible that
under these conditions, the overall mechanism of desorption involves the combined
contributions of attractive electrostatic forces and molecular diffusion through the pores.
This action is beneficial in an oral administration because, in a painful situation, it is
necessary to have a high drug dose at the initial time to mitigate the pain, and then a

sustained-release treatment to sustain the effective concentration of TR in the blood.
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TR release at a fixed time (3.5 h) was evaluated in SGF and SIF, as a thickness and

pore size function. The results are presented in Fig. 10C,D respectively. They have

observed some tendencies; for instance, large pore size and small particle thickness
let to faster release rate. Other authors have already observed this behavior in acrylic

acid and methacrylic acid copolymer [63] particles, mesoporous silica nanoparticles

[64—66], PLGA microspheres [67], among others.
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Fig. 10. In vitro release profiles of 1) Commercial extended-release formulation of TR

and 2) TOPSip-OH/TR with different particle thickness and pore size at 37 °C in A)

Simulated gastric fluid (pH 1.2) and B) Simulated intestinal fluid (pH 6.8). Cumulative
release of TR as a function of the particle thickness and pore size of the TOPSip-OH,;
C) Simulated gastric fluid (pH 1.2) and D) Simulated intestinal fluid (pH 6.8). Overlaid
contour at out-of-trend experimental points.
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TOPSIip-OH/TRm2 composite showed the slowest release rate, which can be a
consequence of the porous material's small pore size that makes difficult the solvent's
diffusion into the pores and the counter-diffusion of the drug toward the solution (Fig.
11A). On the other hand, the faster release rate observed in TOPSip-OH/TR-40
composite is attributed to the higher diffusion rate of the SGF solution into the pore.
This effect is promoted by the large pore size of nanostructured material (~ 11 times
greater than TOPSip-OHwmz) and the short diffusion distance needed to reach the SGF
solution. This fast diffusion phenomenon is determined by microparticle pore length,
which in turn is related to particle thickness (Fig. 11B), that for these two materials are
27 + 7 (TOPSip-OH/TRm2) and 0.5 + 0.08 um (TOPSip-OH-40), which confirms the

contribution of molecular diffusion through the pores.

Simulated fluid solution

B)

Simulated fluid solution

Solvent >
diffusion

-
Drug counter-
diffusion

£

Solvent
diffusion

Diffusion distance

diffusion

L J

piffusion distance

Fig. 11. Diffusion of the simulated fluid into the pores and counter-diffusion of the TR

toward the solution in A) TOPSip-OHwmz: pore size 6 = 1.1 nm, thickness 27 = 7 um,

and B) TOPSIip-OH-40: pore size 67 = 7, thickness 0.5 = 0.08 um. The TR molecules
size is X =10.83, Y =9.26 and Z = 6.75 A, with 255.47 A3 overall volume [19].
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Oral administration of TR is not considered ideal because it is released
spontaneously in the stomach. So, alternatives to reduce its fast dissolution are needed
to increase its therapeutic effect. Hence, the PSi microcarriers might help to produce a
better drug dosage. As discussed above TR release kinetics depends on PSi
microparticle morphology. For instance, TOPSip-OHao, with the largest pore size, can
easily allow TR diffusion and molecular adsorption increasing the amount of drug
absorbed in the porous nanostructures. However, it does not guarantee an efficient
cumulative release profile because TR release rate is fast. Therefore, the pore size of
the microcarrier should be optimized according to molecule dimensions. Another option
is TOPSip-OHwm2 vehicle which showed the smallest pore size. These pore dimensions
seem to be good enough to allow drug molecule encapsulation. These custom-made
pores improve drug kinetics release. TR dosage over 24 h was reached using this
microcarrier with spontaneous release in SGF of 37 %, which is low compared with

those observed in previous reports.

TR high solubility in water induces the major difficulty to increase the drug
loading percentage. Hence, to solve this problem, some authors have developed and
studied complex TR delivery systems [47,48,68—71]. Table 4 shows some TR delivery
systems reported in the literature. It is observed that some delivery systems showed
fast TR releases < 12 h under the same release conditions used in this work (sink
conditions). However, others showed prolonged and sustained releases up to 1080 h.
Although these results are promising, unfortunately, most of these studies do not
perform in vivo studies, and for a real application, it is needed to demonstrate the TR
microcarrier therapeutic effect. In this regard, this work introduces a simple alternative
using biodegradable and biocompatible PSi vehicles that allow a sustained TR dosage.
The advantage is that the TOPSip vehicles showed better drug release performance
than the prolonged-release systems commercially available. Even some burst effect is
observed. The composites are still promising if the drug release profiles can be
efficiently optimized by coating or encapsulating them with a biopolymeric matrix. Thus,
the burst effect can be decreased, and the release kinetics extended (> 24 h), as

demonstrated previously in our research group [19].
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Table 4. TR delivery systems

Release time

Drug Loading (h)
. : e Release
Structure Composition loading efficiency S (Drug
0 0 conditions
(%) (%) released
percentage)
Not Sink
Ethyl cellulose (EC) 68 mentioned  conditions 12(00.7)  [72]
Bulk tablets — Hydroxypropyl cellulose Not Sink
(HPC), EC, HPMC K100, . 98-99 " 8 (90 - 97) [73]
. - mentioned conditions
chitosan combinations
Poly (lactic-co-glycolic Not i Not
) acid) (PLGA) mentioned 71-73 mentioned 120 (70) [74]
Nanopatrticles i : I
Protein pends of egg Npt 67 - 74 Vo ume 48 (77 - 85) [31]
albumin and zein mentioned reposition
8
Microspheres Ethyl cellulose (EC) N.Ot 12 - 31 Vqu_me [75]
mentioned reposition (66 — 99)
Poly (ethylene glycol) Not Not
Hydrogels diamine (PEGD) and mentioned mentioned Vqu_me 10 (60) [34]
gelatin (GEL) reposition
. Poli (E-caprolactona) Not i Not i
Ribbons (PCL) mentioned 85-97 mentioned 1080 (48 - 94)  [32]
Gelatin (GEL) - Porous Not Volume
Hydrogels silicon particles (PSip) mentioned 100 reposition 28 (98) [19]

3.6 TR release kinetics modeling

The drug release mechanism for TOPSip-OH/TR composites was determined in

SGF (pH 1.2) and SIF (pH 6.8). Hence, cumulative release data were fitted using

diferent mathematical models, such as zero and first-order kinetics, Higuchi [76,77],

Korsmeyer-Peppas [78,79], and Hixon-Crowell [80] models. For both simulated fluids

the data fitted well for the Korsmeyer-Peppas model, in agreement with previous

studies on which it was used for modeling different drugs adsorbed on micro/nano PSi
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particles [78,79]. This model is generally applied when there is more than one
mechanism governing the drug release profile (Eq. 4) [81].

— = kp_pt" 4
Moo K-P

In this mathematical expression, M/M- is the fraction of drug released at time t,
kk-p is the Korsmeyer-Peppas kinetic release constant that incorporates the structural
and geometrical characteristics of the release form. The n is the diffusional exponent
describing the drug release mechanism [82,83]. The release mechanism is determined
according to the following values: n < 0.5 for Fickian diffusion, 0.5 < n < 1 for anomalous

transport, and n = 1 for a zero-order [84].

Cumulative release kinetic parameters and regression coefficients calculated
from Korsmeyer-Peppas model for SGF are listed in Table 3. TOPSip-OH/TR-40
composite shows the highest kk-p value (0.87 + 0.008), confirming the faster TR release
attributed to the short and wide pore channels of the PSi structure, on which there is
no hindrance for TR diffusion towards the SGF solution. In TOPSip-OH/TR-4, TOPSip-
OH/TR-20, TOPSIip-OH/TR-80, and TOPSip-OH/TRm1 composites, similar kk-p values in
the range of 0.72 £ 0.011 to 0.80 + 0.017 were obtained. The combination of pore size
and particle size in these composites does not show significant differences in release
rate. The lowest kk-p value (0.61 = 0.012) was obtained for TOPSip-OH/TRwm2, which
might be a consequence of the pore size's drastic decrease. The n values for all
TOPSIip-OH/TR composites were found < 0.5 suggesting a mechanism controlled by

Fickian diffusion, which is mainly governed by the TR concentration gradient.

On the other hand, for SIF, the cumulative release kinetic parameters and
regression coefficients calculated from the Korsmeyer-Peppas model for SIF are
presented in Table 3. At comparing the release rate constants (kk-p) of TOPSip-OH/TR
composites, it was observed that the lowest and highest kr values were found for
TOPSIip-OH/TRm2 (0.49 + 0.019) and TOPSip-OH/TR-40 (0.78 + 0.02). TOPSip-OH/TR-
4, TOPSIip-OH/TR-20, TOPSIip-OH/TR-80, and TOPSip-OH/TRwm1 showed close kr values.
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All these results agree with those explained above. Finally, these results suggest that
the TR release rate can be controlled by varying the pore size and particle size of
TOPSIip-OH. However, although the Korsmeyer-Peppas model determined that the
mechanism that controls TR release is Fickian diffusion, there are other factors that
delay TR diffusion in both simulated fluids. Some of these factors are hydrodynamic
and interactions between the diffusing TR, the pore wall, and the functional groups
present in the pore wall, the structural defects of the PSip, and the possible desorption-
adsorption of TR in the pore channels until diffusing to the buffered solution.

Table 5. Kinetic parameters of the TOPSip-OH/TRwm1, TOPSip-OH/TRm2, TOPSip-
OH/TR-4, TOPSIip-OH/TR-20, TOPSip-OH/TR-40, TOPSip-OH/TR-s0 at 37 °C and pH 1.2.

Kinetic TOPSip- TOPSip- TOPSip- TOPSip- TOPSip- TOPSip-

parameters OH/TRmi OH/TRm2 OH/TR.4 OH/TR-20 OH/TR-40 OH/TR-s0

SGF
k 0.80 + 0.61+ 0.77 + 0.72 + 0.87 0.77
0.017 0.012 0.01 0.011 0.008 0.013
n 0.08 + 0.16 + 0.09 + 0.11+ 0.05+ 0.09 +
0.012 0.01 0.007 0.008 0.005 0.009
R? 0.97 0.98 0.99 0.98 0.99 0.98
SIF
k 0.70 + 0.49 + 051+ 0.61+ 0.78 + 0.72
0.013 0.019 0.017 0.014 0.02 0.022
n 0.13 + 0.24 + 0.24 + 0.17 0.10 + 0.12 +
0.01 0.019 0.017 0.011 0.013 0.016
R? 0.98 0.96 0.97 0.98 0.97 0.96

3.7In vivo assessment

The in vitro release studies were strengthened by conducting in vivo studies.
TOPSIip-OH composites with the highest (TOPSip-OH/-40) and lowest (TOPSip-OHwmz)
tramadol loading were orally administered to selected groups of rats according to the
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protocol described in section 2.6. The overall doses were 3.3 and 13.5 mg/kg,
respectively. These studies aimed to determine tramadol-loaded TOPSip-OH
composites' influence as a delivery vehicle to inhibit the nociceptive (analgesic) and

inflammatory effect in an acute inflammatory model of pain edema in rats.

3.7.1 Antinociceptive effect

The antinociceptive effects of TOPSip-OH/TR composites measured as the paw
withdrawal force threshold in rats (g) are presented in Fig. 12. In the case of the
withdrawal threshold by mechanical stimulation control, TOPSip-OH groups were not
statistically significant at 12 h of observation. This result reveals that bare TOPSip-OH
does not cause inhibition of the nociceptive effect. The antinociceptive effect was
evident after the administration of pure TR and TOPSip-OH/TR composites. The results
showed that the nociceptive threshold increased significantly for both composites
compared with that observed in the control. It was observed that the analgesic effect
was dose-dependent, producing a stronger antinociceptive effect with the 13.5 mg/kg
(p < 0.001) dose compared to 3.3 mg/kg (p < 0.01). This behavior is in agreement with
previous reports, on which it was observed that increasing the TR dose nociceptive
activity is reduced [85,86]. The cumulative variable area under the curve of nociceptive

threshold (Fig. 13) confirmed these findings.

Besides, throughout 12 hours of observation, it could be observed that the
treatment with TOPSip-OH composites showed the most pronounced antinociceptive
effect compared to the treatments with pure TR (p < 0.05 and p < 0.0001). During the
entire period of evaluation, the most significant antinociceptive effect was observed
with TOPSIip-OH/TR-40 (13.5 mg/kg), suggesting that treatment with TOPSip-OH/TR
composites improved the clinical efficacy of TR, which correlates with the
pharmacokinetic behavior of this drug. TR is wholly absorbed in the intestine and
undergoes hepatic first-pass metabolism [30,87]. It is metabolized into active
metabolites, which improves tramadol's ability to modulate the response to pain.
Therefore, after TR administration, it is rapidly and completely absorbed in the intestine.
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After which, it metabolizes in M1 (its most potent metabolite), increasing its
antinociceptive effect. However, both TR and M1 have short mean lifetimes in plasma
(6.3 and 7.4 h, respectively) [88], and they are cleared from the body almost

simultaneously.

In contrast, when TR is loaded into TOPSip-OH microparticles, it is released in
a sustained manner for an extended period. Thus, just the fraction of TR-released is
metabolized. As the drug release is constant over time, its metabolites remain in the
blood plasma for a more extended period, strengthening the therapeutic effect
compared with that observed when administrating TR alone. These results highlight the
benefit of using TOPSip-OH microcarriers. In both cases, treatment with TOPSip-
OH/TRm2 (3.3 mg/kg) and TOPSIip-OH/TR-20 (13.5 mg/kg) showed a better

antinociceptive effect than treatment with pure TR.

—~ 120
=
o —e— Control
S 904 o~ TOPSip-OH
g -= TR (3.3 mg/kg)
£ g -= TOPSip-OH/ TRy, (3.3 mg/kg)
2 —— TR (13.5 mg/kg)
g —— TOPSIip-OH/TR 49 (13.5 mg/kg)
o 304
O
©
<]
z 0 1 1 L] 1
0 3 6 9 12

Time (h)

Fig. 12. Time-course of carrageenan-induced mechanical nociceptive threshold in
animals receiving the treatments (data are shown as mean + standard deviation, n=4

rats per group).
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Fig. 13. Antinociceptive effect of treatments measured as the increase in the area
under the curve of mechanical threshold versus time. (data are presented as mean
+ standard deviation, n=4 rats per group). Significance: *xp < 0.01, *xp < 0.001
and sxxxp < 0.0001 by comparison with the control. +++p < 0.001 and ++++p <
0.0001 by comparison with TOPSip-OH. #p < 0.05 and ####p < 0.0001 between
TR 3.3 vs TOPSIip-OH/TR 3.3, 13.5 and TR 13.5 vs TOPSip-OH/TR 13.5. Mp <
0.01 between TOPSIip-OH/TR 3.3 and 13.5.

3.7.2 Anti-inflammatory effect

In addition to TR's antinociceptive effect, it has been reported that tramadol
present an anti-inflammatory effect [89,90]. Therefore, in our work, the anti-
inflammatory effect of TOPSip-OH/TR composites was measured as paw thickness in
rats (mm). The results are presented in Fig. 14. Consistent with the observations of
nociception, the time course of carrageenan-induced paw edema indicated that all
groups produced a reduction in paw thickness compared to control, except bare
TOPSIip-OH, in which the response was similar to the control and not statistically
significant after 12 h of observation. Administration of pure TR (3.3 mg/kg and 13.5
mg/kg) produced a statistically significant reduction in inflammation for both treatments
compared to the control (p < 0.05 and p < 0.0001). Comparing the paw thickness in
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both treatments with TR, it was observed that a higher concentration of TR (13.5 mg/kg)

produced a more pronounced anti-inflammatory effect.

Furthermore, the administration of TOPSip-OH/TRm2 and TOPSip-OH/TR-40
composites having the same drug concentration (3.3 and 13.5 mg TR/kg rat),
respectively, produced a more statistically significant reduction in paw thickness (p <
0.01 and p < 0.0001) compared to pure TR. It should be noted that the treatment with
TOPSIip-OH/TR40 (13.5 mg / kg) was the most effective compared to the other
treatments. Besides, after 12 h of inflammation induction, it was possible to recover the
initial rat's paw thickness. The cumulative variable area under the curve of paw

thickness (Fig. 15) confirmed these results.

120-

€ -e- Control
E o~ TOPSip-OH
2 = TR (3.3 mg/kg)
® = TOPSip-OH/ TRy, (3.3 mg/kg)
S - TR (13.5 mg/kg)
< —~ TOPSip-OH/TR 4 (13.5 mg/kg)
z
o

0 | 1 ] 1
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Time (h)

Fig. 14. The time curse of carrageenan-induced inflammatory edema in animals

receiving the treatments (data are shown as mean * standard deviation, n=4 rats per

group).
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Fig. 15. Comparative effect of treatments in Inflammation measured as the paw
thickness area under curve over 12 h period. Data are shown as mean + standard
deviation (n=4 rats). Significance: xp < 0.05 and ***xp < 0.0001 by comparison with
the control and TOPSIip-OH vs all groups. Significance: #p < 0.05, ###p < 0.01 and
####p < 0.0001 between TR 3.3 vs 13.5, TOPSIip-OH 3.3, 13.5 and TR 13.5 vs
TOPSIp-OH 13.5. +++p < 0.001 between TOPSip-OH/TR 3.3 and 13.5.

4. CONCLUSIONS

In this study, thermally oxidized porous silicon microparticles (TOPSip) with
different particle sizes and pore sizes were successfully synthesized. The synthesis
parameters of the TOPSIip played an essential role in the materials design. TOPSIip
with large particle sizes and small pore sizes were produced by using high
concentration of HF relative to ethanol (3:1) and the ultrasonication (15 min) of
monolayers. In contrast, TOPSip with smaller particle size and larger pore size were
obtained using a low concentration of HF relative to ethanol (3:7) and the
ultrasonication (60 min) of multilayers of 40 defects. TR loading capacity in TOPSip
was mediated by pore dimension and intermolecular forces (ion-ion electrostatic forces
and hydrogen bonding) created between the TR and the TOPSip inorganic surface.
TOPSIip with bigger pore size showed a higher TR loading capacity (31 %). The lowest
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drug loading capacity (10 %) was found governed by particles pore size and solvent
diffusion. Likewise, the in vitro TR cumulative release profiles were mediated by the
particles pore size and solvent diffusion. TOPSip with smallest pore size and largest
particle dimensions achieved a sustained TR release over 24 h in both simulated fluids
(gastric and intestinal) with a non-significant burst effect compared to the rest of the
TOPSIip nanostructures. This sustained-release behavior was also related to TR
molecules' encapsulation into the porous structure, which was confirmed by ¢-potential
measurements. TR release was also mediated by pH. The TR sustained release was
obtained in simulated intestinal fluid due to the high affinity between TR (positive
charge) and TOPSip surface (negative charge) promoted in this physiological condition.
The cumulative TR release kinetic parameters in simulated fluids were determined. It
was found that TR transport is mainly controlled by drug concentration gradient (Fickian
diffusion), however, there are other factors involved in the delay of diffusion such as
structural defects of TOPSip and the possible desorption-adsorption of TR in the pore
channels, among others. For the first time, in vivo evaluation using TOPSip
microcarriers was performed, models of carrageenan-induced inflammation and
withdrawal threshold by mechanical stimulation in rats were used. Evidence of better
and sustainable antinociceptive and anti-inflammatory effects were obtained when
using TR/TOPSip composites compared with TR alone. In addition, biological studies
showed that the TOPSip did not cause any adverse effects in rats, suggesting that TR
was metabolized correctly and eliminated from the rat body. There is evidence that
TR/TOPSip composites made a synergic effect that improves the drug's anti-
inflammatory and antinociceptive effect. It is essential to highlight that the use of
TOPSIip microcarrier improved the pharmacokinetic effect of TR. Treatment with
TR/TOPSip composite at the lowest TR dosage increased the anti-inflammatory and
antinociceptive effect compared to TR alone at its highest dose. These results suggest
that efforts to design TOPSip microcarriers with reasonable particle size and pore size

must be a significant advance in enhancing TR's pharmacokinetic effect.
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ABSTRACT

This work presents an optimized microwave (MW)-assisted method for the
chemical functionalization of porous  silicon particles (PSip). 3-
(Aminopropyhtriethoxysilane (APTES) was grafted on previously stabilized PSip. The
functionalization efficiency was studied and optimized in terms of reaction time (Rt) and
reaction temperature (RT) using a central composite design (CCD). The effect of MW
irradiation on the surface coverage was found to strongly depend on the PSip surface
chemistry, Rt, RT, and percentage of APTES. Quantification of grafted amino groups
was performed by the ninhydrin method (NHIM); confirming the results by
thermogravimetric analysis (TGA). Reacting with 5% APTES solution at 95°C for 26
min were the best functionalization conditions. Efficiency of PSip-APTES prepared
under the optimized conditions were compared to those functionalized by the traditional
method; MW irradiation increases by 39 % the number of functional groups grafted onto

the PSip surfaces with the additional benefit of having a drastic reduction in Rt.

1. INTRODUCTION

The development of simpler methods that allow functionalizing micro or
nanomaterials to confer them with the desired feature is one of the emerging challenges
in nanotechnology. In this area, porous silicon particles (PSip) have arisen as promising
candidates in a variety of applications that include the production of composites
materials, [1,2] adsorbents, [3,4] and biosensors; [5] as well as medical diagnosis [6]
and drug delivery systems. [7,8] The main advantages of PSip over other
nanomaterials derive from their physicochemical and biological properties, which
include high surface area, tunable pore size, high pore volume, and proved
biocompatibility and biodegradability. [5] Coverage of the PSip surface with organic
functional groups is highly desirable since it imparts them with stability under
physiological conditions and enables further modification to achieve a specific function.

The functionalization process to activate the PSip surface is often carried out by grafting
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small organic molecules bearing an appropriate functional group (e.g., COOH, -NHz2, or

-SH); via covalent bond formation.

3-(Aminopropyltriethoxysilane (APTES) is an organosilane coupling agent
having a free primary amino group that has been widely used for the conjugation of
organic molecules (e.g., drugs, polymers, and dyes) and biomolecules (e.g., proteins
and peptides) onto the PSip surface. [9-12] Often, APTES is used as a bridge to couple
other molecules to the nanostructure through glutaraldehyde and carboxylic acid
activation. [13] APTES silanization involves the covalent attachment of alkoxy groups
onto oxidized (Si-O" terminated) or hydroxylated (Si-OH- terminated) PSip surfaces. An
important issue in the traditional methods used for PSip functionalization is the reaction
time (Rt) necessary to produce the maximum surface coverage of the functional
molecule. Several conditions of reaction in different silicon-containing materials (e.qg.,
oxidized PSip, [14] thermally carbonized porous silicon (TCPSi) particles, [15-17]
layers [13] of fresh and oxidized PSi,[18] and hydroxylated Si wafer [19] have been
tested to covalently attach APTES on the materials surface. The functionalization
conditions include various APTES concentrations and reaction times. From these
studies it can be concluded that to obtain an optimal surface coverage a low
concentration of APTES (2 — 5 %) and long reaction times (20 - 24 h) [13,14,19] or
relatively high concentration of APTES (10 %) and short reaction times (20 - 60 min)
[15] are the best combinations. However, using long functionalization time (> 1 h) is
problematic [20] as it might induce APTES polymerization resulting in the formation of
multiple layers over the surface or non-uniform coverage, meanwhile a functionalization
time of 20 min produces APTES monolayers in the surface using the same reaction
conditions. More recent studies use microwave (MW) irradiation as an useful tool for
the silanization reaction; improving the amount of APTES grafted on the surfaces, while

decreasing reaction times. [16]

Given that surface chemistry is one of the most critical factors to determine the
behaviour of the material, a good characterization of the number of reactive functional

groups present in the particle is relevant to estimate the possible amount of recognition
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units that can be attached onto the surface. In this sense, quantifying amino groups on
PSip nanostructures is crucial since they are the point of interaction with other
molecules for further functionalization. Several methods for amino groups quantification
are available in the literature that include NMR, [21] XPS, fluorescence spectroscopy,
[22] and chemical derivatization. [23,24] Nevertheless, most of these methods require
expensive reagents, solvents, and sophisticated equipment. The ninhydrin method
(NIHM) has been widely used for the quantitative determination of amino acids and
other amino-containing compounds in different research fields (e.g., clinical,
biomedical, food, forensic, and nutritional. [25,26] In the materials field, some reports
have shown the applicability of NIHM in the quantification of amino groups; specifically
on silica and iron particles. [27—29] Nevertheless, to the best of our knowledge, its
application on porous materials such as PSip has not been reported yet. NIHM has
several advantages over other methods; it is based on low-cost reagents and solvents
and expensive equipment is not required since the reaction between ninhydrin and
primary amino groups produces a purple dye (known as Ruhemann's purple) with high
extinction coefficient that can be easily quantified by UV-Vis spectroscopy. Besides,

the NIHM is highly reproducible and sensitive.

In this work, we report a new optimized method for the direct amino
functionalization of PSip using MW irradiation (Scheme 1). A comparison was made
with the traditional APTES grafting conditions, which consist of TOPSip-OH
functionalization using 5% APTES solution for 24 h at r.t. (Figure 1, path B). [19,30] We
also evaluated the surface reactivity of oxidized porous silicon particles (TOPSip)
(Scheme 1, path A) and hydroxylated porous silicon particles (TOPSip-OH) (Scheme
1, path C) using dry toluene as solvent and APTES as silylating agent at two different
concentrations (2 and 5 %). With these exploring results, a DOE was performed to
determine the optimal Rt and RT for MW- assisted APTES functionalization (Scheme
1).

We found that the effect of MW irradiation on the loading amount of APTES
strongly depends on the PSip surface chemistry; as well as the MW-assisted reaction
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time (Rt), reaction temperature (RT), and the amount of APTES initially used. The
proposed functionalization technique presents many advantages compared to
traditional protocols such as the enhancement of reaction kinetics, a larger amount of
APTES grafted on the surface, and its associated low cost. [27,28] We also studied the
feasibility of using NIHM for the quantification of amino groups attached to the PSi
surface. For the first time, it is demonstrated that the ninhydrin method offers a useful
tool to quantify the concentration of amino groups covalently grafted onto the surface
of PSip. The NIHM results for amino content were compared to those retrieved from a
thermogravimetric analysis (TGA); from both results, we conclude that the ninhydrin
method is an excellent alternative for amino group quantification having several gains
over TGA such as the small amount of sample required, low cost of the reagents, and
the use of non-sophisticated analytic equipment.
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Scheme 1. Different pathways for TOPSip functionalization by traditional method
(path B) and MW-assisted methods (paths A and C).
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2. EXPERIMENTAL SECTION

2.1General materials and methods

All reagents and solvents commercially available were purchased in reagent

grade and were used as received without any further purification.

2.2Synthesis of TOPSIp

PSip were prepared by electrochemical anodization of p** type boron-doped
(100) oriented Cz-silicon wafer (0.005 Q-cm resistivity) in an electrolyte composed of a
3:7 (v/v) mixture of HF (48%) and ethanol (99 %). The synthesis was carried out by
successively applying 40 cycles of two different current densities: 15 and 50 mA cm2
during 73 and 3 s, respectively. PSi layers were lifted-off from the Si wafer via an
electropolishing step using ten pulses of 5 s at 184 mA cm2. After etching, the PSi
layers were rinsed three times with EtOH. Free-standing PSi layers were sonicated in
fresh EtOH using an ultrasonic tip (SONICS Vibra-Cell, 30% amplitude) for 60 min. The
obtained PSip were stabilized by thermal oxidation (TOPSip) in a furnace (Carbolite)
for 45 min at 450°C under ambient air; with a ramp rate of 10 °C min-1. Hydroxylated
PSip (TOPSip-OH) were obtained suspending 10 mg of TOPSip in 2 mL of H2SO4/H20:2
(1:1.6 v/v) and shaking for 1 h at room temperature. The piranha solution was decanted
and the microparticles were washed three times with DI water and two times with

ethanol.

2.3Functionalization of TOPSip-OH via traditional method

The functionalization reaction was performed under room temperature by
mixing, in a glass vial, 10 mg of the TOPSip-OH with 10 mL of 5 % (v/v) APTES solution
in dry toluene. The mixture was stirred at 200 rpm for 24 h. After functionalization, the

solid product was washed three times using ethanol and dried at 100 °C for 1 h.
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2.4Functionalization of TOPSip via microwave irradiation

Microwave reactions were carried out in a sealed microwave vials equipped with
magnetic stir bars and heated in Anton Paar Monowave 400 microwave reactor. The
functionalization was carried out by mixing in a glass reactor 10 mg of the selected
microparticles (TOPSip or TOPSip-OH) with 2 or 5 % (v/v) APTES solution in dry
toluene under microwave irradiation. The mixture was homogenized, heated at different
temperatures and times (according to the CCD), and stirred at 600 rpm. After
functionalization, the solid product was washed three times using ethanol and dried at
100 °C for 1 h.

2.5Physicochemical characterization of PSip

High-Resolution Scanning Electron Microscopy images were obtained on a Dual
Beam (FIB/SEM) FEI-Helios Nanolab 600 at 4000 and 100000 x magnification. High-
resolution transmission electron microscopy micrographs of TOPSip and elements
mapping analyses were obtained using a microscope HRTEM/STEM JEOL JEM-2100
operated with an acceleration voltage at 200 kV and resolution of 0.14 nm at 40000 x
magnification. ATR-FTIR spectra were recorded using an Agilent Cary 600
spectrophotometer. Stability and {-potential distribution were measured on a Zetasizer
Nano ZS (Malvern Instruments) using electrophoretic light scattering (ELS).
Thermogravimetric analysis for TOPSip-OH/APTES was performed in a Q500 TGA (TA
Instruments). TOPSip/APTES were heated up to 600 °C using a temperature ramp of

10 °C mint under a constant N2 flush of 20 mL min-t.

2.6 Central composite design (CCD)

The amino-functionalization of TOPSip-OH was optimized using an orthogonal
and spherical central composite design for the response surface. The studied factors
were reaction temperature (A) (80 - 120 °C) and reaction time (B) (5 - 30 min). The high

and low levels of A and B were taken as axial points. The total number of experiments
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was 22 according to the expression: 2" (22 = 4: factor points) + 2n (2 x 2 = 4: axial
points), + 3 center points, all with replicas and two blocks. The analysis of variance
(ANOVA) of the results was carried out using the following second-order polynomial
model (eq. (1)):

Y = By + 1A+ 2B + P12, AB + By A* + B, B2 (1)

where Y is the [TOPSip-OH/APTES] (umol mg™) grafted on PSip, Bn are the linear
regression coefficients, and A and B the studied factors. The influence of the model

parameters was evaluated using a significance level of a = 5%.

2.7Quantification of amino groups

Quantification of amino groups grafted on the PSip surface was performed by
the ninhydrin method. Briefly, ninhydrin (200 mg) and hydrindantin (30 mg) were
dissolved in DMSO (7.5 mL), afterward 2.5 mL of acetate buffer (4 M, pH = 5.2) were
added. The mixture was bubbled with N2 for 3 min. 1 mg of TOPSip suspended in 1 mL
of water and 1 mL of the ninhydrin-hydrindantin mixture were placed in screw-cap test
tubes and heated in a water bath for 20 min. After heating, the suspension was cooled
in an ice bath. Afterwards 5 mL of a EtOH:H20 mixture (1:1) were added, following
homogenization; the absorbance of the suspension was measured (Cary 60
spectrophotometer) at 570 nm. A calibration curve (R? = 0.9955) was performed
reacting different amounts of agqueous APTES solution as standard (1-200 ug mL™?)

with ninhydrin-hydrindantin solution following the procedure described above.

3. RESULTS AND DISCUSSION

3.1Morphological characterization of PSip

The morphological and chemical analyses of TOPSip are shown in Fig. 1. The

HR-SEM micrograph of TOPSip in Fig. 1A shows irregularly shaped microparticles,
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with an average size of 1.02 = 0.41 um (histogram in Fig. 1B). The TOPSip thickness
was found to be 0.48 + 0.08 um, while the average porosity was calculated as 87 + 3%
(based on gravimetric measurements). As shown in Fig. 1C, the TOPSip surface is
composed of a porous network with an average pore size of 67.43 + 28.64 nm
(histogram in Fig. 1D). The HR-TEM micrograph of Fig. 1E corresponds to a lateral
view of the microparticles that exhibits straight pores. The element mapping analyses
are shown in Figures 1(F-G). Figure 1F evidences the structure and element
distribution of TOPSip. The bright red and green spots indicate the presence of silicon
and oxygen, respectively; the characteristic elements of TOPSip. After amino
functionalization (Figure 1G), carbon (purple spots) and nitrogen (white spots) are
observed over the surface; confirming that APTES was homogeneously grafted onto
the TOPSIp surface.
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Fig. 1. Morpholog?cal and chemical analyses of TOPSip. HR-SEM micrograph

S00nm

showing: (A) TOPSip shape and (C) pore size. (B) Particle size distribution histogram.
(D) Pore size distribution histogram. (E) HR-TEM micrograph of TOPSip. (F) STEM
image and elemental mapping of TOPSIip and (G) TOPSIip-OH/APTES.
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Chemical modification of PSip was followed by ATR-FTIR (Fig. 2). As
expected, the TOPSip spectrum displays a strong band at 1060 cm™ attributed to the
siloxane groups (v Si-O-Si) generated after thermal oxidation (Fig. 2A). The absorption
band at 3389 cm™ (, Si-OH) assured hydroxylation of the microparticles (TOPSip-OH)
(Fig. 2A). The spectrum of functionalized TOPSIi-OH/APTES (Fig. 2B) shows a new
group of weak bands attributed to the presence of the amino-silane molecule: 3349 cm-
1 (vasy N-H), 1559 and 1484 cm™ (s N-H) belonging to NH2, and 2931 (vsym C-H) and
2879 cm (vasym C-H) characteristic of CHz. It is essential to notice that band intensities
increase as consequence of the attachment of APTES onto the TOPSip-OH surface
(Figure 2B). [13]

A) B)
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v(0,5iH,)

(t}fs:x)

v (0,Si-H,)
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v (Si-OH)
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v (Si-0-Si)
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Fig. 2. ATR Fourier transform infrared spectra of (A) TOPSip (a) and TOPSip-OH (b)
and (B) TOPSip-OH/APTES functionalized with different amounts of APTES: 2.19 (a),
1.504 (b), and 0.888 umol mg (c).

C-potential measurements also confirmed the presence of APTES on the
micropatrticle surface. The effect of TOPSip-OH surface chemistry and pH on the (-

potential before and after functionalization with APTES was studied by using different
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buffered TOPSip suspensions. The isoelectric points (IEPs) and characteristic curves
are shown in Fig. 3. The IEP of TOPSip-OH was found at 2.1, in agreement with
previous reports. [15,31] The functionalization of TOPSip-OH with APTES shifted the
IEP of the particles to higher values (6.3). The significant change in the particles charge
is attributed to the primary amino groups of the amino-silane molecule attached via
siloxane bond formation to the TOPSip-OH surface. [7]
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Fig. 3. Titration curve of {-potential vs. pH for TOPSip-OH (pink line) and TOPSip-
OH/APTES (green line) after functionalization.

3.2Quantification of amino groups

Quantification of amino groups grafted on the PSip surface was performed by
the NIHM. The reaction mechanism is shown in Scheme 2, which involves the oxidative
deamination of the primary amino group. In the first step (a), the amino group from
APTES reacts with a ninhydrin molecule forming an imine intermediate (d), the
hydrolysis (e) of the formed imine produces the corresponding ninhydrin-NH2 and the
solid PSip with an aldehyde functionality (f). The formed ninhydrin-NH2 goes through a
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condensation reaction with a second equivalent of ninhydrin to produce Ruhemann’s
purple (h). [32]
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Scheme 2. Reaction mechanism between ninhydrin and TOPSip-OH/APTES to
' produce Ruhemann’s purple dye.

3.3Exploring experiments

In order to elucidate the optimal APTES-functionalization reaction conditions,
some exploring experiments were conducted to evaluate the following synthesis
variables: 1) The functionalization method, 2) The PSip surface chemistry, and 3) The
concentration of APTES. The effect of these variables was determined by quantifying
the concentration of amino groups attached to the PSip surface by NIHM; their
statistical significance was assessed by a Student’s t-test. An ANOVA was performed

with a significance level a = 5 % (P-value < 0.05).

The efficacy of the proposed MW-assisted method was compared to the
traditional functionalization method. [19,30] The results are summarized in Table 1. It
can be observed that the concentration of amino groups attached to the PSip surface
was increased by ~ 39 % when using the MW-assisted method, with the additional
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advantage of having a drastic reduction in Rt (15 min vs. 24 h). This result was

statistically significant with a P- value lower than 0.05 (P(to) = 0.0165).

On the other hand, since the silanization reaction can be conducted in
oxidized or hydroxylated PSip microparticles; [19,23,30] we evaluated the influence of
the PSip chemical surface on the amount of APTES attached after the MW reaction.
The effect of APTES concentration (2 and 5 %) [16,33] was found to depend on the
PSip surface chemistry (Table 1). It can be observed that the amount of APTES grafted
on thermally oxidized particles (TOPSip), characterized by a surface with high amount
of oxygen; is not significantly different for the evaluated APTES concentrations. This
result was statistically confirmed with the P-value obtained, which was higher than 0.05
(P(to) = 0.3321). Nevertheless, when APTES functionalization was evaluated in
hydroxylated particles (TOPSip-OH), [19,23,30] with a surface mainly covered by
hydroxyl groups; a 100 % increase on PSip surface coverage was obtained,
maintaining the APTES concentration at 2 %. Remarkably, when the APTES
concentration was increased to 5 %, the APTES surface coverage increased 3-fold
compared to that obtained with TOPSip. These results confirmed that silanol groups
(Si-OH) promote higher efficiency of the amino-silanization reaction. The P-values were
lower than 0.05 for both tests (P(to) = 0.0216) and P(to) = 0.0324, respectively);

confirming the statistical significance of the results.
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Table 1. Measured concentration of APTES on TOPSip and TOPSip-OH using 2 and
5% APTES solution.

APTES (%) Amino groups concentration

(umol mg)

1.2410 + 0.2901
0.4846 £ 0.0371
Reaction conditions: [a] 120°C, 15 min under MW irradiation.

[b] Traditional method using TOPSIip-OH, 24 h, r.t.

. 2 0.3865 + 0.0362
TOPSIp?
5 0.4112 + 0.0136
. 2 0.6029 + 0.0958
TOPSIip-OH?
5
5

Traditional methodP

From the results in Table 1, it can be concluded that the MW- assisted amino
functionalization using TOPSip-OH particles and 5 % APTES solution leads to higher
amount of APTES grafted on the surface compared to the traditional method.
Encouraged by these findings, in a second step, the silanization conditions under MW-
irradiation were optimized. The dependence of Rt and RT on functionalization efficiency
was determined with a central composite statistical design. The results of this study are

reported below.

3.4APTES functionalization: The second-order model and analysis of
variance (ANOVA)

The results of the ANOVA for the studied [TOPSip-OH/APTES] (concentration
of amino groups attached to the TOPSIip-OH surface) is shown in Table 2. The
coefficients display the un- coded terms. A second-order polynomial model obtained
using Design-Expert® (Version 7.1.4) was adopted to describe the response surface.
As it is observed in Table 2, the probability of Bo is < 0.05, which makes the overall
analysis statistically significant. From the P-values, a linear contribution for Rt can be
concluded. However, it is worth noticing that RT by itself has no effect over the
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response variable, while contributions of the Rt and RT cross-product; as well as the
quadratic products of RT and Rt do have important effects in the model. In addition, it
was observed that the block design (each block represents an experimentation day)
showed important significance (P = 0.0009) and strong influence in the response.

Table 2. Estimated regression coefficients and P-values of the second-order
polynomial model for [TOPSip-OH/APTES].

Term Coefficient (R2=0.77) P-value
Bo -11.0575 0.0003*
A 0.2249 0.3406
B 0.1146 0.0036*
AB -0.0015 0.0080*
A? -0.0009 0.0017*
B2 0.0014 0.0415*
*P <0.05. Ais RT (°C) and B is Rt

3.5Model fitting and statistical analysis

In the CCD presented in Table 3, [TOPSip-OH/APTES] was correlated to the
two independent variables studied: reaction temperature (A) and reaction time (B). The
twenty-two experiments and their respective responses are shown in Table 3. Model
fitting was performed in the Design-Expert® (Version 7.1.4) software using a second-
order polynomial model. The model adequacy was further verified using ANOVA (Table
2). The ANOVA for the [TOPSIip-OH/APTES] showed that the model is highly
significant. The quadratic regression model in un-coded terms obtained from the

experimental data of Table 3 is given in Eqn. 2.

Y = —11.0575 + 0.2249A + 0.1146B — 0.00094% + 0.0014 B> 2

72



where Y is the [TOPSIip-OH/APTES] (umol mg-1), A is reaction temperature (°C),

and B is reaction time (min).

For this analysis, the estimated determination coefficient (R?) was 0.77;
indicating that approximately 77% of the parameter’s variability is accounted for in the
statistical model. In this framework, R? explains the observed variation in the dependent
variables attributed to all the combined independent variables; hence, although an
acceptable fit has an R? close to 1.0, [34] this number alone cannot determine whether
predictions are biased since this value can be consequence of latent variables that

caused noise at the moment of experimentation.
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Table 3. 22 factorial central composite design with coded and uncoded variables.
Experimental and predicted values for the [TOPSip-OH/APTES].

Variables in Variables in [TOPSip-

BLK coded levels uncoded levels (%méz-lriz]l
B Exp Pred
1 -1 -1 86 9 0.98 1.01 3.56
2 -1 -1 86 9 0.92 1.01 10.17
3 1 -1 114 9 1.33 1.48 10.76
4 1 -1 114 9 1.23 1.48 19.71
5 -1 1 86 26 1.57 1.69 7.88
6 1 -1 1 86 26 1.50 1.69 12.89
7 1 1 114 26 1.10 1.40 27.11
8 1 1 114 26 1.15 1.40 21.59
9 0 0 100 17.5 1.37 1.49 8.60
10 0 0 100 17.5 1.44 1.49 3.11
11 0 0 100 17.5 1.42 1.49 4.34
12 -1.4 0 80 17.5 0.88 1.03 17.03
13 -1.4 0 80 17.5 1.37 1.03 24.20
14 1.4 0 120 17.5 1.44 1.15 19.94
15 14 0 120 17.5 1.40 1.15 17.55
16 0 -1.4 100 5.0 1.86 1.49 19.89
17 2 0 -1.4 100 5.0 1.38 1.49 7.83
18 0 1.4 100 30 2.19 1.91 12.53
19 0 1.4 100 30 2.14 1.91 10.69
20 0 100 17.5 1.71 1.49 12.91
21 0 100 17.5 1.37 1.49 8.76
22 0 100 17.5 1.60 1.49 7.22
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It is usually necessary to verify that the quadratic regression model provides
an adequate approximation to the [TOPSip- OH/APTES] response. In this sense, the
statistical model could be used to predict future behaviour when changing the values
of the independent variables studied (RT and Rt). To prove this fact, a graphical method
was used as tool to validate the model obtained. Fig. 4 shows the experimental data
obtained from the [TOPSip-OH/APTES] response when performing the CCD and the
predicted values from the second-order polynomial model (Eqn. 1). The predicted
responses show small to moderate deviations compared to the experimental data. As
mentioned above, the value of the estimated determination coefficient (R?) was 0.77.
In agreement with this value, the predicted responses show a variability of ~23%. In
addition, an insignificant lack of fit (P = 0.2009) was found in the second-order
polynomial model for the [TOPSip-OH/APTES], which implies a low variation of the
calculated data. [35] All the above results indicate that the statistical model could

adequately predict the response.

2.19—
1.86—

1.83—

Predicted values by eq. (1)

1.21—

0.88—

0.89 1.21 1.54 1.87 219
Experimental values for [TOPSip-OH/APTES]

Fig. 4. [TOPSIip-OH/APTES] experimental values plottd against predicted values from

the regression model in uncoded values.
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3.6Response surface analysis and optimization process

The effects of RT and Rt and their cross-interaction on [TOPSip- OH/APTES]
were studied by response surface analysis. According to Fig. 5, it can be observed that
an increase in Rt promotes higher concentration of APTES on the TOPSip-OH surface,
which demonstrates the significant linear contribution of this variable during the
functionalization procedure. Although these results suggest that maximum coverage of
the functional molecule on the TOPSip-OH surface can be reached when increasing
Rt; there is a limit, determined by the chemical nature of APTES that tends to
polymerize at longer Rt (> 1 h); resulting in multilayers and non-uniform coverage.
[20,36,37] Thus, the Rt obtained in the MW-assisted method (~ 26 min) is optimal to
avoid the negative effects mentioned.

There is also a significant influence of RT on promoting the APTES chemical
reaction. Higher RT produced an increase in TOPSip-OH coverage. However, it should
be noticed that the maximum APTES surface grafting was obtained at middle-
temperature values; denoting the quadratic influence of this variable in the chemical
process. This behaviour could be attributed to the increment in the hydrolysis rate of
APTES molecules (caused by the physiosorbed water on TOPSip-OH) promoted by
the increase in the Brownian motion of organic molecules in the solution. Under this
scenario, the hydrolyzed ethoxy groups from APTES react faster with the surface of
TOPSIip-OH resulting in the formation of a denser and more ordered monolayer. [37,38]
Nevertheless, at the highest RT; the reduction of APTES surface coverage compared
to that obtained for middle-temperature values can be attributed to the formation of
siloxane bonds (Si-O-Si), induced by the proximity of grafted molecules. The formation
of siloxane bonds can produce various molecular configurations (horizontal and vertical
reticulation), which make difficult to control the structure of the surface silane layer.
[37—-40] Therefore, this effect should be avoided since it produces pore blocking and,
in fact, it could explain the similar values of the [TOPSip-OH/APTES] obtained at any
Rt; maintaining constant the RT at its highest value.
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The response surface plot (Fig. 5) reveals a visual interpretation of the
interaction between Rt and RT that allowed localizing the optimal experimental
conditions (overlaid contour, Fig. 5). By analysing the response surface and the
derivative of the second- order polynomial model (Eqn. 1), the maximum APTES
surface coverage on TOPSip-OH was found at 1.7786 pmol mg. The optimal values

of RT and Rt predicted by the model are 95°C and 26 min, respectively.
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Fig. 5. Response surface plot of [TOPSip-OH/APTES] in uncoded values. Overlaid

contour at optimal experimental conditions.

3.7Thermogravimetric Analysis

The quantification of the amount of APTES grafted on the surface of three different
samples of TOPSip-OH/APTES from the CDD was obtained by thermogravimetric
analysis, the decrease in weight can be attributed to the organic degradation of APTES.
The results are summarized in Table 4, while Fig. 6 shows the TGA curve for sample
1. The first amount of weight loss (~ 2.6 %) derives from the removal of molecules with
small molecular weight such as water, while the second major weight loss (~ 6.7 %)
involves the thermal decomposition of the APTES grafted on TOPSip-OH/APTES.
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Fig. 6. Thermogravimetric analysis (TGA) curve of TOPSip-OH/APTES corresponding

to sample 1 from Table 4.

The results from TGA were compared to those from NIHM quantification. The
NIHM provides an estimate of the content of accessible amines, which may differ from
the total amine content measured by TGA, resulting in differences ranging from 5 to 25
% (Table 4). Statistical significance between both methods was evaluated by paired t-
test, with a level of significance a = 5 % (P-value <0.05). The determination of the
concentration of amino groups attached to the PSip surface by NIHM and TGA is not
significantly different. This result was statistically confirmed with the P-value obtained,
which was higher than 0.05 (P (to) = 0.3719). However, the differences obtained may
be associated to two closely related events on the TOPSip-OH/APTES surface: slow

diffusion flow of Ruhenmann’s purple through the smallest pores and APTES
polymerization.
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Table 4. umol APTES g-1 TOPSip-OH calculated by NIHM and TGA.

Ninhydrin method  Thermogravimetric analysis (%)
1 954 1153 17.25
1658 2203 24.73

3 2168 2065 4.96

Steric hindrance may be caused by some factors such as accumulation of
Ruhemann’s purple complex inside the pores. Ninhydrin is a small molecule and thus
unable to induce pores blockage (Table 5). However, once ninhydrin reacts with
APTES; the size of the formed complex is significantly bigger. The statistical pore size
distribution in TOPSip-OH/APTES ranges from 30 to 80 nm (Fig. 1). However, pores
with smaller diameter (< 30 nm) are susceptible to be blocked by Ruhemann’s purple.
We hypothesize that the purple complex moves outside the pore, but at the same time
ninhydrin is diffusing into the pore to react with amino groups. This dynamic behaviour
causes double flow inside the pore, which blocks or keeps inside some Ruhemann’s
molecules that are not completely released from TOPSip-OH/APTES and therefore are
not measured during quantification. Similar observations were made in previous studies
with non-porous particles. [41] In addition, the previously reported APTES
polymerization has a significant influence. Typically, APTES is considered to attach to
the surface as a monolayer, but a higher polymerization degree produces complex
structures increasing steric hindrance inside the pore; as well as APTES reticulation
causing interference in amino group quantification. [39,40] Hence it is likely that the

combination of the factors discussed above contributes to the difference obtained by
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TGA and NIHM measurements. Nevertheless, it is important emphasize that
guantification of amino groups via NIHM evidences a more realistic accessibility; given
that amino groups quantified by this techniqgue demonstrates their availability to react
with other molecules, which is important as they will be eventually used for posterior

functionalization.

Table 5. Molecular structure and physicochemical properties.

Compound Structure M.W. (g molt) Size X, Y, Z (A)@ | Volume (A3)

. : 178.14 X=8.97
Ng\grll_sl/fcr)l:, J ' Y=7.61 135.82

Z=5.28

X=11.99
APTES, %:E’ﬁf 221.37 Y=8.72 215.82

CoH23NO3Si

Z=17.53

Ruhemann’s . X=15.74
purple, ) 303.27 Y=7.84 215.82

C18H9NO4 7= 463

[a] Data from UCSF Chimera.*?

4. CONCLUSIONS

In this work, the APTES functionalization of PSip under different reaction
conditions using the classical and MW-assisted silanization methods was performed
for comparison purposes. The main advantage of the MW-assisted method is the
significant reduction in Rt when compared to the traditional method, moreover APTES
surface coverage increased by 39 % using MW irradiation. It was found that silanol

groups (Si-OH) promote higher efficiency of the amino silanization reaction.
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The amino surface coverage increased 3-fold in hydroxylated microparticles
when using a 5 % APTES solution. Surface modification was evidenced by FT-IR,
STEM, and elements mapping; as well as ¢ potential measurements. The optimization
and modelling of APTES functionalization on TOPSip-OH were performed using a
CCD. The observation of the surface contour plot of [TOPSip-OH/APTES] allows
choosing the optimal experimental conditions to obtain the maximum APTES surface
coverage on TOPSIip-OH. APTES surface functionalization was found to strongly
depend on the reaction time, reaction temperature and percentage of APTES. The
optimal functionalization was obtained at middle-temperature values (95 °C); using 5 %

APTES solution in dry toluene for 26 min.

The concentration of amino functional groups was quantified by the NIHM and
confirmed by TGA. Comparing both results, we conclude that the former is an excellent
alternative for amino groups quantification having several advantages over TGA such
as the small amount of sample required, the low cost of the reagents, and the simpler
equipment used. Besides, NIHM is highly reproducible and implies a relatively easy
experimentation and data analysis. Since NIHM involves the direct reaction with amino
groups; this method evidences a more realistic amine accessibility. Which is relevant

since the quantified amino groups are further targeted in posterior functionalization

reactions.
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CHAPTER 3

Design of functional PSi/CH composites: synthesis,
characterization, and evaluation in therapeutics
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ABSTRACT

In this work, the properties of chitosan were combined with those of porous
silicon microparticles to design hybrid composites that can act as vehicles for
transportation and sustained release of tramadol hydrochloride (TR), a potent
analgesic. Porous silicon microparticles (PSip) with porosity of 87 + 3%, average pore
size of 67 = 17 nm, average size of 1 £ 0.31 ym and thickness of 0.5 £ 0.08 pym, were
used as nanoestructured material. Aldehyde o carboxylic acid functionalized PSip were
mixed with a chitosan biopolymer to obtain chemically bonding composites. The
physicochemical and morphological properties of UnPSip/CH and TOPSip-OH/A/G/CH
nanostructured composites were characterized by Fourier transform infrared
spectrometry (ATR-FTIR), C-potential techniques, transmission electron microscopy
(TEM), and scanning electron microscopy (SEM). TR loading capacity in TOPSip-OH
was quantified by UV-Vis spectroscopy obtaining 11 and 13 % for TOPSip-OH/A/G/CH
and UnPSip/CH, respectively. TR release was carefully studied in simulated gastric
fluid (pH 1.2) and simulated intestinal fluid (pH 6.8). From TR released profiles, it was
observed that UnPSip/CH composite exhibited a more sustained release during 30 h
when compared to TOPSip-OH/A/G/CH, showing a burst effect depending on pH. TR
cumulative release data were fitted using Korsmeyer-Peppas model for both simulated
fluids. Mucoadhesive studies of UnPSip/CH and TOPSip-OH/A/G/CH composites
demonstrated a high interaction with mucin (mainly at pH 4.6) allowing absorption and

effectiveness of TR.

1. INTRODUCTION

Drug delivery technology is a novel area for healthcare and its main objective is
to approach the deficiencies of conventional drug delivery methods. The need to
develop innovative technologies to improve the delivery of drugs to the body has been
widely recognized. Based on this, nanotechnology has focused on the study of new
novel strategies that may be useful for the oral administration of drugs [1]. It has been
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observed that systems designed based on nanotechnology have presented better
properties and several benefits, among them and one of the most important is the
controlled release of drugs at a specific site. Other benefits are the modification of the
systems surface with the aim of acquiring advantageous cellular interactions, providing
a dual therapy with high synergistic therapeutic results, and protecting them from the
harsh gastric conditions to which the drugs are exposed [2-4]. These new technologies
are called drug delivery systems (DDS). Comparing these systems with conventional
drug delivery methods, DDS allows to improve the efficacy of drugs due to their efficient
and controlled administration [5]. The main objective in the development of DDS has
focused on improving the dosage of the drug for prolonged periods, keeping its
concentrations within the therapeutic window, improving patient compliance, safety,
efficacy, and shelf life of the product [6]. In recent years, considerable research efforts
have been directed to the development of drug delivery systems aimed at preventing
and treating diseases such as Type Il Diabetes mellitus [7], neurodegenerative
diseases such as Parkinson's [8] and Alzheimer's [9], different types of cancer such as
breast [10] and liver [11], SARS-COV-2 [12], among others.

In the last 10 years, mesoporous materials have shown high potential as DDS
[13-15]. Mainly clays [16], silicas [17], graphene [18], carbon nanotubes [19], and
porous silicon [20]. Porous silicon (PSi) is a mesoporous material with a high potential
in drug delivery applications. This useful application is due to its physicochemical
properties such as particle size modification, ranging from a few nanometers to
microns, pore size adjustment, high surface area and degree of porosity,
biodegradability and biocompatibility, and highly modifiable chemical surface [21].
Another advantage of this material is to protect the drugs from possible degradation,
the drug loading process is carried out with minimal harsh conditions [15]. This
advantage allows a wide variety of molecules to be incorporated into the PSi particles
(PSip), ranging from proteins and peptides to drugs that are poorly and highly soluble
in water. PSip have been shown to exhibit controlled drug release profiles with high
payloads [22-24]. This information has been demonstrated in previous works. Garcia-

Briones et al., reported the design of nanostructured oxidized PSi microparticles were
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successfully used as a sustained release vehicle for metformin (MET). The successful
incorporation of MET was observed with an average loading percentage of 48% and a
sustained release of MET was achieved over 26 h [7]. On the other hand, Salonen et
al., demonstrated the loading of five drugs (ranitidine, griseofulvin, ibuprofen,
antipyrine, and furosemide) onto thermal carbonization porous silicon microparticles
(TCPSI). They investigated drug loading and release profiles in different media. Their
results demonstrated that the chemical nature of the drugs is an important factor in
loading efficiency, ranging from 9 to 45%. In contrast, dissolution of the drug affected
the release rate of drugs loaded in TCPSi. The release rate was fast, reaching only 350
min [24]. The results of these works showed that a sustained drug release depends on
the properties (particle size, pore size, surface chemistry) of the PSi particles and the
chemical nature of the drug. In this framework, to obtain more controlled drug release
profiles, different alternatives have been developed. One of them is the design of
composites based on PSip with the addition of biopolymers [25]. Composites, also
known as hybrid systems, are the result of the combination of at least two different
materials. The new composites show a combination of advantageous properties that

the individual components do not have [26].

One of the most widely used biopolymers is chitosan (CH). CH is a cationic
polysaccharide, it has excellent biocompatibility, low toxicity, good delivery ability for
hydrophilic molecules, and high loading, has excellent mucoadhesiveness, as well as
antimicrobial properties [27]. Thus, CH modification of the PSip renders them
mucoadhesive properties. This property allows the composites to remain in the mucosa
(nasall/intestinal) for prolonged periods and thus improve the absorption of the drug in
the mucosa. Besides, by increasing the mucoadhesion, CH enhances the intestinal
permeability of biomacromolecules [28]. The combination of advantageous
characteristics of PSip and CH allows to obtain a novel hybrid material tailored to
applications in controlled drug delivery. In this sense, there are different investigations
that demonstrate the applications and novel properties of PSip/CH hybrid composites
with special interest in the controlled administration of drugs. Shrestha et al., designed

hydrocarbonized thermally annealed PSi (AnnTHCPSI) microparticles and undecylenic
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acid modified AnnTHCPSI (AnnUnTHCPSI) as vehicles for oral administration of
insulin. AnnUnTHCPSIi were modified with CH to increase intestinal permeation of
insulin. Studies performed on Caco-2/HT-29 cell monolayers showed that CH-
conjugated microparticles significantly increased insulin permeability, compared to
pure insulin. Likewise, these materials were able to improve the absorption of insulin
through intestinal cells, this result shows that microparticles conjugated with chitosan
are an alternative for the oral administration of drugs, proteins, and peptides, through
the intestinal cell membrane [29]. Additionally, Kafshgari et al., developed thermally
hydrocarbonized pSiNPs (THCpSINPs) and CH-coated THCpSINPs for therapeutic
oligonucleotide delivery. Oligonucleotide loading before CH coating was shown to
provide sustained release oligonucleotide profiles with low burst effects. Furthermore,
the chemical addition of CH improved the absorption of oligonucleotides through the

cell membrane when they were loaded on THCpSINPs [30].

In this study, two novel drug delivery systems based on PSip/CH were
developed for the oral administration of tramadol: UnPSip/CH and TOPSip-
OH/A/GICH. Two different modification approaches were studied to obtain the
composites. First, UnPSip were prepared by hydrosilylation of native porous silicon
layers with UA, the presence of the carboxyl groups on the surface of UnPSip allowed
further surface modification with CH via EDC/NHS coupling chemistry. Second,
TOPSIip surface was modified by a silanization process using APTES and GTA, the
aldehyde groups on the surface of TOPSip-OH/A/G allowed surface modification with
CH by direct reaction. The aim of this study was to investigate the effect of PSi/CH
composites using different bridge (UA, APTES-GTA) to couple CH, on tramadol loading
and in vitro tramadol cumulative release profiles. Furthermore, the mucoadhesive
strength of the UnPSip/CH and TOPSip-OH/A/G/CH composites by mucin adsorption
at different concentrations was evaluated. The physicochemical and morphological
properties of UnPSip/CH and TOPSip-OH/A/G/CH composites were characterized by
Fourier transform infrared spectrometry (ATR-FTIR), zeta potential, transmission
electron microscopy (TEM), and scanning electron microscopy (SEM). TR release
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profiles were studied under two different simulated fluids: gastric (pH 1.2) and intestinal
(pH 6.8).

2. EXPERIMENTAL SECTION
2.1 Materials

Single-crystal boron-doped p-type Si wafers with resistivity <0.005 Q cm and
crystallographic orientation of (100) were purchased from WRS materials. Aqueous
hydrofluoric acid (HF, 48 %) and absolute ethanol (EtOH, 95.5 %) were acquired from
Golden Bell Chemicals (Mexico) and Monfel Industries (Mexico), respectively. Sulfuric
acid (H2SO4, 98 %) and hydrogen peroxide (H202, 30 %) were purchased from Karal
(Mexico) and Avantor (Mexico). Tramadol hydrochloride (TR, 99 %) was supplied from
Sigma-Aldrich (Mexico). 3-(Aminopropyl) triethoxysilane (APTES, = 98 %) and
glutaraldehyde (GTA, 25 % in water), N-Hydroxysuccinimide (NHS, = 97 %) and 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, = 98 %), Medium molecular
weight chitosan (CH, 75 - 85% deacetylated), 10-Undecenoic acid (UA, 98 %) and
Mucin type Il (0.5 — 1.5 % sialic acid) were purchased from Sigma-Aldrich (Mexico).
Glacial acetic acid (AA, = 99.7 %) was acquired from Jalmek. All reagents and solvents

were used as received without any further treatment.

2.2Synthesis of thermally oxidized porous silicon particles (TOPSip)

TOPSIp were prepared by electrochemical anodization of p** type boron-doped
(100) oriented single crystal silicon wafer (< 0.005 Q cm resistivity) in an electrolyte
solution of a 3:7 (v/v) mixture of HF (48%) and ethanol (99 %). The synthesis of TOPSip
was performed in three steps: first porous silicon (PSi) layers were obtained by
introducing a series of perforations in PSi layers during the electrochemical method.
Electrochemical etching consisted in successively applying 40 cycles of two different
current densities: a lower current density of 15 mA/cm? during 73 s and a higher current

density of 50 mA/cm? for 3 s. PSi layers were lifted-off from the Si wafer via an
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electropolishing step using ten pulses of 184 mA/cm? for five s each in 3.8 cm? area.
After etching, the PSi layers were rinsed three times with EtOH. Second, free-standing
PSi layers were fractured in fresh EtOH using an ultrasonic tip (SONICS Vibra-Cell,
30% amplitude) for 60 min at 25 °C. Finally, the obtained porous silicon particles (PSip)
were stabilized by thermal oxidation (TOPSip) in a furnace (Carbolite) for 45 min at

450°C under ambient air; with a ramp rate of 10 °C/min [31].

2.3Surface modification
2.3.1 Modification PSi layers with UA

Native PSi layers were modified by hydrosilylation method using UA as
described below to obtain UnPSip. In this case, approximately 60 mg of freshly
prepared PSi layers, slightly dried at room temperature, were placed in 50 mL of UA
and allowed to react at 120 °C for 16 h using mechanical stirring and reflux. After
hydrosilylation, the UA functionalized porous layers were rinsed with absolute ethanol
(five times) to remove excess UA that did not react [32]. In this reaction, through the
application of heat, Si-C bonds are formed between the hydrides (Si-Hx) of the newly
synthesized PSi layers and the unsaturated bond (C=C) of UA. Hydrosilylation of
porous layers provides carboxylic acid functional groups that can react covalently, by
activation, with the primary amino groups of chitosan [33]. For obtain UA functionalized
PSi microparticles (UnPSip), UA functionalized PSi layers were fractured in fresh EtOH
using an ultrasonic tip (SONICS Vibra-Cell, 30% amplitude) for 60 min at 25 °C (Fig.
1A).

Finally, acid-base titration was used to determine total carboxyl acids content of
the UnPSip adapting the method for hydrogel films introduced by Mali [34]. About 2.5
mg of UnPSip was dissolved in 1 mL 0.1 N NaOH for 24 h with magnetic shaking
Subsequently, phenolphthalein was added as an indicator and the excess NaOH was
titrated with 0.1 N HCI. The carboxyl acids content in equivalents/mg of UnPSip was

calculated using the following eq. (1):
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Carboxyl acids content = W (1)

where, N is the normality of HCI (eqg/L), Vb and Va are the volumes of HCI without and

with of sample, and W is the weight of sample (g).

2.3.2 Modification TOPSip with APTES and GTA

The surface of the TOPSip was further modified by silanization method using
APTES as described below to obtain TOPSip-OH/A. To promote a high efficiency of
chemical binding between TOPSip and APTES, TOPSip were modified through a
hydroxylation process. The silanization method and the conditions used were described
in our previous report [31]. After silanization, TOPSip-OH/A were functionalized with
GTA. The objective of this second functionalization is to introduce aldehyde functional
groups, these groups can react directly, through covalent bonding, with the primary
amino groups of CH. 20 eq of GTA were added for each eq of primary amino groups
present in the TOPSip-OH/A. The reaction mixture was stirred at 130 rpm for 30 min at
room temperature. Subsequently, the reaction mixture was centrifuged and the
TOPSIip-OH/A/G were recovered, three rinses with deionized water (DI) were carried
out to eliminate the unreacted GTA. In each rinse, the TOPSIip-OH/A/G were
centrifuged at 5500 rpm for 5 min. Fig. 1B shows the functionalization steps to produce
TOPSIp-OH/A/G.

Quantification of amino groups grafted on the TOPSip-OH/A surface before and
after the functionalization with GTA was performed by the ninhydrin method. The same

procedure was performed as in our previous report [31].
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Fig. 1. Functionalization steps of A) TOPSip-OH (thermal oxidation), TOPSip-OH/A
(silanization), and TOPSip-OH/A/G (functionalization with glutaraldehyde). B) UnPSi
layers (hydrosylilation) and UnPSip (ultrasonication process).

2.4Drug loading

For the drug loading, a ratio of 5:1 (w/w) was used for tramadol-loaded UnPSip
(UnPSip/TR) and tramadol-loaded TOPSIip-OH/A/G (TOPSIip-OH/A/G/TR). The
tramadol loading was performed by dispersing 5 mg of UnPSip or TOPSip-OH/A/G in
1 mL of a tramadol solution (25 mg/mL in aqueous solution). The suspensions were
stirred using an orbital shaker at 130 rpm 24 h. Tramadol adsorption on the UnPSip
and TOPSIip-OH/A/G surface and pores was promoted by intermolecular interactions
between the functional groups of TR (-OH, -NHR3s*-) and surface UnPSip groups (SiO"
, -COOH) (Fig. 2A) and surface TOPSip-OH/A/G groups (OH, -CHO, -NH2) (Fig. 2B).
At the end of the tramadol adsorption, TOPSip-OH/A/G/TR and UnPSip/TR were

functionalized with chitosan without previous centrifugation.
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Fig. 2. Intermolecular interactions between the functional groups of TR and A) surface

UnPSip groups and B) surface TOPSip-OH/A/G groups.

2.5Synthesis of PSip/CH Composites

The synthesis of PSip/CH composites was performed by evaluating two
methods: in the first, the PSi layers were functionalized with UA to promote chemical
binding with the polymeric chains of chitosan. The second method was carried out by

functionalizing the TOPSip with APTES and GTA. This was done to compare the
performance of the chitosan layer in the release of tramadol.

2.5.1 Synthesis of UnPSip/CH composites

The chemical binding between the free primary amine groups in the chitosan
structure with the carboxylic acid groups of UnPSip/TR was carried out in acetate buffer
(pH 5) using EDC/NHS as activators. In this case, 2.5 mL of acetate buffer (pH 5) was
added to the UnPSip/TR loading solution (~ 5 mg UnPSip and 1 mL tramadol solution).
Then, 3 eq of EDC and NHS were added to this dispersion for each eq of carboxylic

acid and mixed for 2 h at room temperature to activate the carboxylic acids on the
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UnPSip. After activation, 2.5 mL of the chitosan solution (4 mg/mL) was added and
stirred overnight at 130 rpm and room temperature to allow conjugation. The
UnPSip/TR/CH were then centrifuged at 4000 rpm for 2 min to remove the unreacted
CH. Next, UnPSip/TR/CH were washed two times with 0.01% acetic acid and deionized
water (D). Finally, the UnPSip/TR/CH composites were dried at room temperature.
Using this methodology, a part of the TR was adsorbed in the UnPSip and another part
was encapsulated in the polymeric chains of the CH.

2.5.2 Synthesis of TOPSip-OH/A/G/CH composites

The chemical binding between the free primary amine groups in the chitosan
structure with the aldehyde groups of TOPSip-OH/A/G/TR was performed in acetate
buffer (pH 5). In this case, 5 mL of the chitosan solution (2 mg/mL in buffer pH 5) was
added to the TOPSip-OH/A/G/TR loading solution (~ 5 mg TOPSip-OH/A/G and 1 mL
tramadol solution). The reaction mixtured was stirred overnight at 130 rpm and room
temperature. The TOPSip-OH/A/G/TR/CH were then centrifuged at 4000 rpm for 2 min
to remove the unreacted CH. Next, TOPSip-OH/A/G/TR/CH were washed two times
with 0.01% acetic acid and deionized water (DI). Finally, the TOPSip-OH/A/G/TR/CH
composites were dried at room temperature. Using this methodology, a part of the TR
was adsorbed in the TOPSIip-OH/A/G and another part was encapsulated in the
polymeric chains of the CH.

2.61In vitro drug release study

TR release profiles were performed by dispersing 2 mg of each set of TOPSip-
OH/A/GITR/CH or UnPSip/TR/CH in 0.5 mL of KCI/HCI buffered solution (pH 1.2) or
acetates buffered solution (pH 6.8) under sink conditions at 37 °C = 2 °C, simulating
the TR process desorption in the human organism. At different times, a buffered
solution with TOPSip-OH/TR was centrifuged at 12,000 rpm to separate the released
TR from composites, and sampled aliquots from the supernatant (0.4 mL) were
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collected. The concentration of the released TR was measured spectrophotometrically
(Agilent Technologies, Cary 60 UV-Vis) at 271 nm (maximum absorption of TR) using
external standard calibration curves in both buffered solution in the range from 5 to 100
ppm (R? = 0.999). Based on the sink conditions protocol, aliquots were replaced with

fresh buffer (0.4 mL) after measurement.

2.7Adsorption of mucin on PSi/CH composites

Mucoadhesiveness was calculated as the amount of mucin adsorbed by each
set of PSi/CH composites in a determined time. The % binding efficiency of PSi/CH
composites to mucin was determined by mixing 1 mL of type Il porcine mucin solution
(1, 3 and 5 mg/mL) with the same volume of PSiI/CH composites suspensions (1
mg/mL). Equal volumes of PSi/CH composites suspensions and porcine mucin solution
were incubated at 37 °C + 2 °C for 5 h until equilibrium was reached. The adsorptions
were carried out in KCI/HCI buffered solution (pH 1.2) or acetates buffered solutions
(pH 4.6 and 6.8). At different time, the suspensions were centrifuged at 12000 rpm and
free porcine mucin in the supernatant was measured by spectrophotometrically (Agilent
Technologies, Cary 60 UV-Vis) at 260 nm (maximum absorption of porcine mucin)
using external standard calibration curves in both buffered solutions. The % mucin

binding efficiency of composites was calculated from the following eq. (2) [35, 28]:

Mucin binding ef ficiency (%) = Total mucin—Free mucint 1100 2)

Total mucin

2.8Physicochemical characterization of PSi microparticles and composites
2.8.1 Scanning electron microscopy (SEM)

High-resolution scanning electron microscopy (HR-SEM) micrographs of
TOPSip, TOPSIip-OH/A/G/CH and UnPSip/CH were obtained using a field emission

microscope (Dual Beam FIB/SEM FEI-Helios Nanolab 600) at accelerating voltage of
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5 kV and 86 pA with a spot size of 4.0 mm and backscattered and secondary electrons.

100000 x magnifications were used.

2.8.2 Transmission electron microscopy (TEM)

High-resolution transmission electron microscopy micrographs and elements
mapping analyses of TOPSip, TOPSip-OH/A/G/CH and UnPSip/CH were obtained
using a microscope HRTEM/STEM JEOL JEM-2100 operated with acceleration voltage
at 200 kV and resolution of 0.14 nm at 40000 x magnification.

2.8.3 Fourier transform infrared spectrometry (ATR-FTIR)

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
was used to characterize the functional groups on the PSi layers and TOPSip surface,
and in each synthesis step to produce UnPSip/TR/CH and TOPSip-OH/A/G/TR/CH.
Agilent Cary 600 Series FTIR instrument equipped with a Slide-On diamond ATR
device were used to record the spectra. The recording was performed with a resolution
of 4 cm, 32 scans, in an interval of 4000 and 500 cm1, and at room temperature.

2.8.4 ({-potential

Stability and the surface zeta potential distribution (-potential) of each synthesis
step of composites were measured as a function of pH on a Zetasizer Nano ZS
(Malvern Instruments) using electrophoretic light scattering (ELS). Isoelectric points
(IEP) were determined in the pH value where potential reaches a neutral charge (zero
value). Zeta potential measurements were performed by adding 2 mg of each set of
microparticles in different vials, then 1 mL of the desired buffer solution was added:
KCI/HCI (pH 1 — 2), acetates (pH 3 — 6), phosphates (pH 7 — 8), borax/HCI (pH 9),
carbonates (pH 10 — 11) and KCI/NaOH (pH 12). All suspensions were strongly mixed,
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using an ultrasonic bath (Branson) for 20 minutes to disperse the particles and 4 hours
later, the supernatants of each vial were measured. Isoelectric point analysis was

carried out in triplicate for each sample at room temperature.

Stability and the surface zeta potential distribution ({-potential) were measured
as a function of pH using electrophoretic light scattering (ELS) on a Zetasizer Nano ZS
(Malvern Instruments), of each synthesis step of composites. Isoelectric points (IEP)
were determined in the pH value where potential shows a zero value (neutral charge).
C-potential measurements were carried out in different vials, 2 mg of each set of
microparticles and 1 mL of the desired buffer solution were added: pH 1 (KCI/HCI), pH
3 (acetates), pH 7 (phosphates), and pH 9 (borax/HCI). All suspensions were strongly
mixed, using an ultrasonic bath (Branson) for 20 minutes to disperse the particles, and
4 hours later, the supernatants of each vial were measured. Isoelectric point analysis
was carried out at room temperature; measurements were acquired in triplicate for each

sample.

3. RESULTS AND DISCUSSION

In this study, two different chemical conjugation techniques used to modify the
surface of PSi microparticles were compared. In the first technique, the activated
carboxylic groups of the UnPSip were attached, by chemical conjugation, to the primary
amine groups of CH, this reaction provides amide bonds using EDC/NHS coupling. In
the second technique, the aldehyde groups of TOPSip-OH/A/G react covalently with

the primary amino groups of CH, forming imine bonds.

3.1Morphological characterization of TOPSip and PSip/CH composites

The morphological characterization of TOPSip is shown in Chapter 2, Section
3.1. Insummary, TOPSip shows irregularly shaped microparticles, with an average size
of 1.02 £ 0.41 ym. The TOPSip thickness was found to be 0.48 + 0.08 ym, while the

average porosity was calculated as 87 + 3 %. Moreover, it was demonstrated that
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TOPSIp surface was composed of a porous network of straight pores with an average
pore size of 67.43 + 28.64 nm (Fig. 3A).

To evaluate the structure of the composites, samples of the UnPSip/CH and
TOPSIip-OH/A/G/CH composites were analyzed by Scanning Electron Microscopy.
From Fig. 3B,C it is observed that the UnPSip/CH and TOPSIip/A/G/CH composites
exhibit a similar porous structure like to the TOPSip. Although significant changes were
made to the surfaces of the UnPSip/CH and TOPSip-OH/A/G/CH, the SEM images of
the composites did not reveal any remarkable changes in morphology of the
composites and absence of pore blockage was observed after chemically grafting CH
to the surface of UndPSip and TOPSip-OH/A/G.

Fig. 3. HR-SEM micrographs of A) TOPSip, B) UnPSip/CH and C) TOPSip-
OH/A/G/CH composites.

The element mapping analyses by scanning transmission electron microscope
(STEM) of TOPSIip and UnPSip/CH and TOPSip-OH/A/G/CH composites are shown in
Fig. 3. This study was carried out to confirm the chemical grafting of CH in PSip. Fig.
4A evidences the structure and element distribution of TOPSip. The bright blue and
green spots indicate the presence of silicon and oxygen, respectively; the characteristic
elements of TOPSip, and absence of carbon and nitrogen. After chemical grafting of
CH in UnPSip (Fig. 4B) and TOPSIip-OH/A/G (Fig. 4C), changes in the morphology of
the composites were observed. Fig. 3b and 3c demonstrated that the composites

surface presents an organic layer of CH that unfocus the porous structure of the PSip.
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Carbon and nitrogen are observed over the surface of UnPSip/CH and TOPSip-

OH/A/GICH; these findings confirm that CH was homogeneously chemical grafted all

over the PSip surface.

Fig. 4. STEM image and elemental mapping of A) TOPSip, B) UnPSip/CH and C)
TOPSIip-OH/A/G/CH.

The total carboxyl acids content of UnPSip was found to be 1.6 mEqg/g of
UnPSip. This result was used to calculate the amount of EDC and NHS required to
activate the carboxylic acids of UnPSip. On the other hand, quantification of primary
amino groups grafted on the TOPSIip-OH/A and TOPSIip-OH/A/G surface after
functionalization with GTA was performed by the ninhydrin method. The concentration
of primary amino groups grafted on the TOPSip-OH/A and TOPSip-OH/A/G was 1.8 +
0.09 and 0.34 = 0.07 umol/mg, respectively [31]. Finally, an efficiency of

functionalization of primary amino groups with GTA of 81% was obtained.
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3.2FT-IR of UnPSip/CH and TOPSip-OH/A/G/CH before and after TR loading

Chemical modifications on PSip surface after each synthetic step and the TR

loading were confirmed by Fourier transform infrared spectroscopy (ATR-FTIR).

Fig. 5A shows the FTIR spectra of the synthesis steps of the UnPSip/CH
composite. Native PSi layers exhibit several vibration bands: at 2136, 2085 and 2107
cm assigned to Vv(SiSiHs), v(Si2SiH2) and v(SisSiH), respectively. Other vibration
bands assigned to 6(SiH2), 6(SiHx) and bulk v(Si-Si) are observed at 907, 660, 621
cm™ [36]. After hydrosilylation of the PSi layers with UA, the UnPSip spectra displays
several vibration bands: at 1711 cm characteristic to the v(C=0) of the carboxylic acid,
at 1460, 2927 and 2857 cm™ assigned to &(CH), vsym(CH2) and Vasym(CH2) of the
aliphatic groups, respectively. Besides, at 1066 cm™ a characteristic band of silicon
oxide formed during hydrosilylation is observed [37]. The appearance of the vibrational
bands characteristic of amide | and Il bands at 1654 and 1561 cm™, respectively,
confirm the covalent binding of CH to UnPSip. Due to the reaction of the carboxylic acid
groups of the UnPSip with the primary amino groups it is observed that the band at
1708 cm assigned to v(C=0) weakens. The appearance of 6(NHz) band at 1542 cm
also confirms the presence of amine groups in the UnPSip/CH. The band formed at
3377 cm is associated to both the v(OH) from the CH, and the v(NH) from the amine
functions on CH that remained unreacted, as well as v(NH) from the secondary amides.
The strong band at 1047 cm is assigned to the v(Si—0), although the contribution of
the v(C-0) in the CH, which appears in the same region, cannot be excluded [37, 38].
The spectrum of TR loaded UnPSip shows bands attributed to characteristic groups of
TR. Absorption bands at 701 and 1488 cm™ corresponds to &(OH) and &(CHba),
respectively. The absorption band at 1290 cm corresponds to v(C-N), while at 1246
cmis characteristic of v(CO). In addition, bands attributed to aromatic compounds: at
1579 cm* v(CH) and at 1601 cm™* v(C=C) [39, 40].

On the other hand, Fig. 5B shows the FTIR spectra of the synthesis stages of
the TOPSip-OH/A/G/CH composite. After silanization of TOPSip-OH with APTES, the
TOPSIip-OH/A spectra exhibits bands attributed to the presence of the amino-silane
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molecule: 3356 cm™ vasym(N-H), 3282 cm™ vsym(N-H), 1564 and 1484 cm™ &(N-H)
belonging to NH2, and 2922 vsym(C-H) and 2874 cm vasym(C-H) characteristic of CH2
groups confirming the total functionalization of the TOPSip-OH [31]. The spectrum of
TOPSIip-OH/A/G shows a specific vibration band at 1639 cm suggested to the imine
groups (C=N) [41]. The vibration bands associated with v(NH2) weaken, indicating that
GTA functionalization was not fully carried out. The appearance of 6(NHz) band at 1550
cm™ and the preservation of the band attributed to the presence of the imine groups
(1639 cm™?) confirm the covalent binding of CH to the aldehyde groups of TOPSip-
OH/A/G. The broad band formed at 3383 cm™ is associated to the v(OH) from the CH
and the absorption band at 1408 cm™ corresponds a v(C-N) of CH. The strong band at
1055 cm can be assigned to the contribution of v(Si-O) of the TOPSip-OH/A/G and
v(C-0) in the CH [38, 42]. The spectrum of TR loaded TOPSip-OH/A/G/TR shows new
bands attributed to characteristic groups of TR. Absorption bands at 1581 and 1602
cm?® corresponds to v(CH) and v(C=C), respectively, which are attributed to aromatic

compounds [39, 40].

102



v - e T T T T N o \ [ e o \/‘/’r\ \ 7
g = ( Wi < ol SONH) N [V
é; S(SiH,) ‘ o w(CH,) \ /
2 WL~ 2ors g \ {
2 S(SiH, o) \
3 - v
¥(Si-Si Y
1 " 1 " 1 " 1 1 " 1 1 n 1 1
YA A e i -
W} \;J(CHZ)\\ /N < e (C=N) \\\ %
‘asx‘m(( H,) !} \ \/ Oé_ u ‘/’
P & a
Vym(CHy) i (Y f & \ |
L‘i e \/
B e W g 1‘(“‘0) 1 L | ] Y
PR —— "CO) |, £ P &
« = WC=0) \”/' v g B -0 PR
5 \ A wem)CNV | /bon < s e N
2 l / | i/ o i} ‘
S ! \ / - \ |
X 2 \
\f S \
1 L I " Il L | I | | I 1 1
— o e
P ; g (€N
z P ' \““‘Lf‘ /"\\‘/ \\ Ve £ P \,‘( L
& et Amide 1) | / g o RO A AR WV
2 o w Amident | / s £
@ v(OH) \ [ Q S(NH,) \
5 N v((“—O)\\/ &9 |
) = #C-0)|
i g b om T 5 0 1‘(bi—|0) . = i i I S R |"(Si.'0)'/|
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Fig. 5. ATR Fourier transform infrared spectra of each synthetic step in the synthesis
of composites as well as TR loading: A) UnPSip/TR/CH and B) TOPSip-
OH/A/G/TR/CH.

3.3¢-potential analysis

(-potential as a function of pH and surface chemistry was studied by using
different buffered PSi microparticles suspensions. Fig. 6 presented the characteristic
curves and the isoelectric points (IP). The titrations were made in each synthetic step
and after TR loading. The results show differences in the IPs between PSi

microparticles with different surface chemistries.

Fig. 6A shows the titration curves of the synthesis steps of the UnPSip/TR/CH
composite. In the case of UnPSip, no IP value was observed compared to that reported
for surfaces that have been hydrosilylated with UA [43]. UA has a pKA of 5.02 [44],
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however, the variation between the reported value and the obtained value in this case,
can be attributed to a poor reaction between native PSi layers coated with hydrides and
AU chains; due to the length of the chains and the diameter of the pores, steric
impairment may have occurred, which may have resulted in a low hydrosilylated and
oxidized SiP surface due to hydrosilylation conditions. In this way, the potential is a
function of the -OH, -O, and -H groups corresponding to surface oxidation and -COOH
groups present at the end of the UA chain. So, the presence of -COOH and -OH groups
on the UnPSip surface provided a strongly negative charge. After chemical binding
between the carboxylic acid groups of UnPSip and the free primary amine groups in
the CH shifted the IP of the composites to higher (~ 6) values. This important change
is attributed to the protonation of the primary amino groups of the CH in acid solutions
[45]. The features of the -potential curve for UnPSip/CH show C-values lower than +
30 mV from pH 1 to 9, denoting unstable suspensions. TR physical adsorption in
UnPSip (UnPSip/TR) displays changes in ¢-potential. An IP value was observed of 3.4,
this change is attributed to the physical adsorption of TR molecules on UnPSip surface.
Silanol (Si-OH), siloxane (SiO~) and carboxylic (-COOH) surface groups from UnPSip
can form intermolecular physical bonds with hydroxyl (OH) and protonated tertiary
amino (R-NH*(CHs)2) functional groups from TR depending on the medium pH. Finally,
addition of CH to UnPSip/TR (UnPSip/TR/CH) did not cause a significant change in (-
value comparative with UnPSip/CH. These results indicate that the TR molecules are
covered by the CH layer.

Fig. 6B shows the titration curves of the synthesis steps of the TOPSip-
OH/A/G/TR/CH composite. Titration curves of the TOPSip-OH and TOPSip-OH/A were
already discussed in our previous report [31]. After the silanization of TOPSip-OH with
APTES shifted the IP of the TOPSIip-OH to higher (6.3) values. This behavior is
explained by the decrease in the number of free silanol groups (Si-OH) that were
coupled through the formation of siloxane bonds with APTES molecules. The primary
amine groups on the surface of TOPSip-OH/A are protonated, which appears to be
highly favored at acidic pH values [46]. After covalent binding of GTA to TOPSip-OH/A
through imine bond formation, the IP value of TOPSip-OH/A/G shifted to lower values
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(~ 5.9). For these structures, the curve remains positive at pH below 5.9. The TOPSip-
OH/A/G surface is terminated by aldehyde groups, a non-ionizable functional group
[47]. However, although the aldehyde group is not ionizable, the presence of IP at 5.9
and slightly positive charges are attributed to a small amount of unreacted NH2 groups
that remain free on the TOPSip-OH/A/G surface after GTA binding, as shown described
in section 3.1. After pH 5.9, TOPSIip-OH/A/G became negative due to the free Si-O
that were not attached by siloxane bond with amino-silane molecules. Finally, chemical
binding between the imine groups of TOPSip-OH/A/G with the free primary amine
groups in the chitosan structure does not show significant shift in IP, which is ~ 6. In
contrast, for TOPSip-OH/A/G/CH composites, the titration curve is more positive at pH
below 6. After chemical binding between TOPSIip-OH/A/G and CH, TOPSip-
OH/A/G/CH surface displays primary amino groups that are protonated in acid solutions
[45]. Although it was expected that these composites would show highly positive
charges and a shifted at higher IP, a small amount of unreacted aldehyde groups that
remain free on the TOPSip-OH/A/G/CH surface do not allow further protonation. The
features of the ¢-potential curve for UnPSip/CH show ¢-values lower than £ 30 mV from
pH 1 to 9, denoting unstable suspensions. TR physical adsorption on TOPSip-OH/A/G
(TOPSIip-OH/A/GITR) does not show significant shift in IP. An increase in positive
charges was observed at pH values lower than 5. This change is attributed to the
physical adsorption of TR molecules on the surface of TOPSip-OH/A/G. Aldehyde,
silanol and amino surface groups from TOPSIip-OH/A/G can form intermolecular
physical bonds with hydroxyl (OH) and protonated tertiary amino (R-NH*(CHsz)2)
functional groups from TR depending on the medium pH. The addition of CH to
TOPSIip-OH/A/G/TR (TOPSIip-OH/A/G/TR/CH) shifted the IP to higher (~ 6.2) values
cause a change in C(-value comparative with TOPSIip-OH/A/G/CH. These
results show that not all TR molecules are covered by the CH layer, some of them are

found on the surface of the composite.
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Fig. 6. -potential curve vs pH for each synthetic step as well as TR loading for A)
UnPSip-/TR/CH and B) TOPSip-OH/A/G/TR/CH.

3.4Mucoadhesive strength of UnPSip/CH and TOPSip-OH/A/G/CH composites

The mucoadhesive strength of UnPSip/CH and TOPSip-OH/A/G/CH composites

to bind to the mucosal surfaces was estimated by calculating binding efficiency of mucin

to composites. The mucoadhesive strength was determined in SGF, in SIF and

acetates buffered solution pH 4.6.

As shown in Fig. 7, the highest mucoadhesive strength was obtained in buffered

solution pH 4.6, followed by SGF and finally in SIF, for both composites. The decrease

in the mucoadhesive strength of composites in SIF compared to other fluids is mainly

due to electrostatic repulsion force between composites and the mucosal surface.

Mucins, highly glycosylated proteins, are the main component of mucosal surface [48].

They have an IP between 2 and 3 [49], so in solutions where pH > IP are negatively

charged (mainly by sialic acid), promoting electrostatic repulsion forces between them,

and giving rise to a more extended conformation of the chain [50]. On the other hand,
UnPSip/CH and TOPSIip-OH/A/G/CH composites are negatively charged as

demonstrated by (-potential in Fig. 6. These composites are covered by a layer of CH.

CH has, in general, a pKa around 6.1, therefore, at a pH higher than pKa, the amine

group in the N-acetyl-glucosamine units is not protonated [51]. Therefore, in SIF,
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UnPSip/CH shows a negative charge due to residues of unreacted carboxylic acid
groups (-COOH) that are dissociated as carboxylate ion (-COO) and to some siloxane
groups (SiO"). In the case of TOPSip-OH/A/G/CH the negative charge comes from
residues of siloxane groups (SiO°) after silanization. Consequently, the negative
charges of composites cause electrostatic repulsion when they are into contact with
negatively charged mucin. However, the mucoadhesive strength obtained could be due
to the hydrophobic interactions between the hydrophobic domains in mucins and the
acetyl groups in chitosan, as has been studied in other works [52].

On the other hand, an increase in the mucoadhesive strength of composites was
observed in SGF (Fig. 7). In SGF, where pH < IP the mucin is in its neutral form, giving
rise to a more compact conformation of the chain. At this pH, UnPSip/CH and TOPSip-
OH/A/G/ICH composites present a positive charge due to the protonation of primary
amino groups of CH and of unreacted from APTES. The mucoadhesive strength
obtained due to the hydrophobic interactions between the hydrophobic domains in

mucins and the acetyl groups in chitosan.

Finally, the mucoadhesive strength was evaluated in acetates buffered solution
pH 4.6 simulating the pH of the duodenum. The duodenum is the initial portion of the
small intestine and is where absorption begins [53]. Therefore, it was considered to
study the interaction between UnPSip/CH and TOPSip-OH/A/G/CH composites and
the mucin. The increase in the mucoadhesive strength of composites at this pH is
mainly due to electrostatic attraction force between composites and the mucin.
Electrostatic interaction between UnPSip/CH and TOPSip-OH/A/G/CH composites and
mucin is favored at a pH between 3 and 6, in this pH range the composites are

protonated and the mucin is negatively charged.

In addition, the higher mucoadhesive stregnth of the TOPSip-OH/A/G/CH
composite could be due to the presence of a higher amount of CH available to interact
with mucin compared to UnPSip/CH. Finally, the mucoadhesive strength increased with

mucin concentration.
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Fig. 7. Mucoadhesive strength of UnPSip/CH and TOPSip-OH/A/G/CH composites as

a function of pH and mucin concentration.

3.5TR loading and in vitro TR release study in UnPSip/CH and TOPSip-
OH/AIGICH

TR loading was performed in UnPSip and TOPSip-OH/A/G before to chemical
bonding of the chitosan layer. The TR loading percentages obtained are 13 = 1.7 % for
UnPSip/CH and 11.5 £+ 0.35 % for TOPSip-OH/A/G/CH. The low percentages of TR
loading are mainly due to the rinses carried out with water after the synthesis of the
composites. Although all the TR was expected to be trapped by the chitosan layer, the
high solubility of TR in aqueous solution did not allow this.

The TR in vitro cumulative release profiles from UnPSip/CH and TOPSip-
OH/A/G/ICH composites were evaluated in SGF and SIF at 37 °C, under sink
conditions. The TR release kinetics was evaluated for 30 h. Results are shown in Fig.
8.
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The TR in vitro cumulative release profiles from UnPSip/CH and TOPSip-
OH/A/G/CH were compared with the profiles obtained for bare TOPSip-OH-40 (Chapter
1, Section 3.5). The inspection of UnPSip/CH and TOPSip-OH/A/G/CH composites
show more sustained and controlled TR release profiles (over 30 h) in comparison with
TOPSIip-OH in both simulated fluids. In SGF TOPSIip-OH/TR composites behave
similarly, releasing by burst effect, approximately 54 — 57 % of TR during the first 30
min. Initial burst release from composites can be explained in terms of low binding
affinity between UnPSip/CH and TOPSip-OH/A/G/CH surface and TR in strong acid
media. TR molecule has two pKa values, 9.41 and 13.1 [54]. At pH below 9.41 provides
a positive charged molecule, mainly due to the protonation of tertiary amine. On the
other hand, as observed in ¢-potential (Fig. 5), UnPSip/CH and TOPSip-OH/A/G/CH
are positively charged due to the protonation of primary amino groups (-NH2) and
silanol (Si-OH) groups [36]. However, although the TOPSip-OH were covered with a
CH layer after TR loading, the spontaneous desorption of TR occurred, mainly due to

electrostatic repulsion force.

A different behavior was observed when releasing TR in SIF. In SIF, the burst
effect is lower (8 - 31 %), which is attributed to a higher binding affinity between TR and
UnPSip/CH and TOPSIip-OH/A/G/CH surface. In SIF, TR has a positive charge and
UnPSip/CH and TOPSIip-OH/A/G/CH composites are negatively charged due to
siloxane groups (SiO") and carboxylic acid groups (-COOH) that are dissociated as
carboxylate ion (-COQO), therefore intermolecular forces between UnPSip/CH and
TOPSIip-OH/A/G/CH surface and TR are favored, leading to less TR desorption.

TR cumulative release profiles were evaluated in two different composites,
UnPSip/CH and TOPSip-OH/A/G/CH. By comparing the cumulative release profiles of
both composites, a difference was observed in the percentage of released TR in SIF,
the UnPSip/CH composites showed a more sustained release profile, while in SGF the
release profile was like TOPSip-OH/A/G/CH. This is attributed to intermolecular
interactions between the siloxane groups (SiO’) and carboxylate ion (-COO") present in
UnPSip/CH with TR, compared to only the present siloxane groups (SiO°) from TOPSip-
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OH/A/G/CH. In addition, in UnPSip/CH, TR remains trapped inside the microstructure
making it difficult for its diffusion towards the SIF. On the other hand, it seems that
covalent bonds formed in TOPSip-OH/A/G/CH provide less stiffness to the polymeric

chain allowing a higher drug diffusion.

Comparing the composites designed in this work with the TR delivery systems
designed by other authors (Chapter 1, Table 4), UnPSip/CH composite may be suitable

for efficient release with a TR dosage over 30 h.
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Fig. 8. In vitro cumulative TR release profiles of UnPSip/CH and TOPSip-OH/A/G/CH
at 37 °C in simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH 6.8).
Comparison with the cumulative TR release profiles of TOPSip-OH-40 (Chapter 1).
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3.6 TR release kinetics modeling

The drug release mechanism for each composite was obtained by using the
Korsmeyer-Peppas model (eq. 3). This model is generally applied when there is more
than one mechanism governing the drug release profile (Eq. 3) [55].

In this mathematical expression, M/M- is the fraction of drug released at time t, kk-
pis the Korsmeyer-Peppas kinetic release constant that incorporates the structural and
geometrical characteristics of the release form. The n is the diffusional exponent
describing the drug release mechanism [56, 57]. The release mechanism is determined
according to the following values: n < 0.5 for Fickian diffusion, 0.5 < n < 1 for anomalous

transport, and n = 1 for a zero-order [58].

Cumulative release kinetic parameters and regression coefficients calculated
from the Korsmeyer-Peppas model for both simulated fluids are presented in Table 1.
At comparing the release rate constants (kk-p) of UnPSip/CH and TOPSip-OH/A/G/CH
composites, it was observed that the lowest kk-p values were found for UnPSip/CH in
both simulated fluids. These results agree with those explained above in vitro
cumulative release profiles. Finally, these results confirm the sustained TR release and
suggest that the TR release rate can be controlled by higher formation of intermolecular
interactions between UnPSip/CH and TR, and a high stiffness to the polymeric chain
allowing a less TR diffusion. The n values for all TOPSip-OH/TR composites were found
< 0.5 suggesting a mechanism controlled by Fickian diffusion, which is mainly governed
by the TR concentration gradient. However, there are several factors that can decrease
TR release from composites, the main factor being the double release control due to
the added CH layer. This layer can cover the pores of the PSip and delay the TR
release, thus, in addition to the diffusion of TR through the nanostructured
microparticle, it must also diffuse through the polymeric chains of the CH.
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Table 1. Kinetic parameters of the UnPSip/CH and TOPSip-OH/A/G/CH composites
at 37 °C and pH 1.2 and 6.8.

Kinetic SGF SIF
parameters K n R2 K n R?
. 060+ 017+ 044+ 023+
UnPSip/CH 0046 0031 9% 005 0045 98
TOPSIip- 074+ 009% .. 070% 010% -
OH/A/G/CH 0024  0.014 : 0021  0.013 :

4. CONCLUSIONS

In this study, biodegradable and biocompatible composites based on chitosan
and porous silicon microparticles was developed. APTES and GTA, and UA were e
successfully used as bridges to couple CH to PSi microparticles. FTIR spectroscopy
and ¢-potential demonstrated the chemical modifications carried out at each step of the
synthesis of composites. Drug release in UnPSip/CH and TOPSip-OH/A/G/CH
composites were mediated by stiffness to the polymeric chain and intermolecular forces
(electrostatic and/or van der Waals) created between composites surface and TR.
Through this strategy, a sustained release of TR was achieved along 30 h. TR release
was also mediated by pH. UnPSip/CH and TOPSip-OH/A/G/CH composites showed a
high burst effect in SGF due to electrostatic repulsion forces between composites and
TR. On the other hand, in SIF, a sustained release of TR was obtained due to the high
affinity between TR (positive charge) and UnPSip/CH and TOPSip-OH/A/G/CH
composites (negative charge) promoted in this physiological condition. It is essential to
highlight that in SGF a low burst effect and a more sustained release profile were
observed for UnPSip/CH. The cumulative TR release kinetic parameters in simulated
fluids were determined. It was found that TR transport is mainly controlled by drug
concentration gradient (Fickian diffusion) and coverage with CH. In addition,
UnPSip/CH and TOPSIip-OH/A/G/CH composites presented relevant mucoadhesive
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properties, interacting with mucin, which is desirable to improve the absorption and

effectiveness of TR. Mucoadhesive properties were higher at pH 4.6 (duodenum pH).

These results suggest that mainly the composites will remain for an extended period in

duodenum, where the absorption of TR begins. Finally, UnPSip/CH is a promising TR

delivery system for oral therapy, increasing TR residence in intestine and maintaining

a sustained release.
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GENERAL CONCLUSIONS

In recent years, the use of composite materials applied to the controlled release
of therapeutic agents grew exponentially due to the advantageous properties they
present, in addition, composite materials can be designed by modifying the synthesis
parameters with the main objective of obtaining the optimal characteristics that improve
the dosage of therapeutic agents. In this research work, two different types of
biodegradable and biocompatible drug delivery systems were proposed based on the
combination of porous silicon microparticles and chitosan for the transport and
sustained release of TR. The synthesis and study of these tramadol release systems

was carried out in three stages.

As a first stage, the development of bare thermally oxidized porous silicon
microparticles (TOPSip) with different particle sizes, pore sizes and porosity were
proposed. A highly efficient top-down approach was used to synthesize the TOPSip
and it was shown that the synthesis parameters played an essential role in the materials
design. The modified synthesis parameters were current density, concentration of HF
relative to ethanol, ultrasonication time, material architecture, and number of
perforations. Through the characterization techniques of HRSEM and FT-IR, the
successful synthesis of TOPSip was demonstrated. Average size, thickness, and pore
dimensions were calculated, measuring at least 150 PSi microparticles randomly
selected in the HRSEM images. Modifying these parameters showed that TOPSip with
large particle sizes and small pore sizes were produced by using high concentration of
HF relative to ethanol (3:1) and low ultrasonication times (15 min) of monolayers. In
contrast, TOPSip with smaller particle size and larger pore size were obtained using a
low concentration of HF relative to ethanol (3:7) and high ultrasonication time (60 min)
of multilayers of 40 defects. With respect to porosity, porosity was determined from
gravimetric measurements. High porosities (86 — 89 %) were obtained using low
concentrations of HF relative to ethanol. FT-IR, C-potential and UV-Vis spectroscopy
demonstrated that TR molecules were successfully adsorbed on the TOPSip porous

structure by intermolecular forces (ion-ion electrostatic forces and hydrogen bonding)
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created between the TR and the TOPSip inorganic surface. Percentages of TR loading
capacity of 10 — 31 % were obtained, which was mainly mediated by pore dimension.
TOPSIip with bigger pore size showed a higher TR loading capacity (31 %), instead, the
lowest drug loading capacity (10 %) was found governed by particles with smaller pore
size. The in vitro TR cumulative release profiles study was performed at 37 °C in two
simulated fluids: gastric and intestinal, simulating the TR process desorption in the
human organism. This study showed that TR cumulative release was mediated by the
particles pore size, solvent diffusion, and pH. TOPSip with smallest pore size and
largest particle dimensions achieved a sustained TR release over 24 h in both
simulated fluids with a non-significant burst effect compared to the rest of the
nanostructured TOPSip. Due to the high affinity between TR (positive charge) and
TOPSiIp inorganic surface (negative charge) promoted in simulated intestinal fluid, TR
sustained release was obtained. On the other hand, in simulated gastric fluid an initial
burst release from TOPSip was obtained, which can be explained in terms of
microparticles low stability and low binding affinity between TOPSip inorganic surface
(positive charge) and TR (positive charge) in strong acid media. The analysis of TR
release kinetics for a time of 24 h showed that TR transport is mainly controlled by drug
concentration gradient (Fickian diffusion). Finally, the in vivo evaluation using TOPSip
microcarriers was performed for the first time. Models of carrageenan-induced
inflammation and withdrawal threshold by mechanical stimulation in rats were used.
These studies showed that the TOPSip did not cause any adverse effects in rats and
evidence of better and sustainable anti-nociceptive and anti-inflammatory effects were
obtained when using TOPSip-OH/TR composites compared with TR alone. In addition,
it is essential to highlight that the treatment with TOPSip-OH/TR composite at the
lowest TR dosage increased the anti-inflammatory and antinociceptive effect compared

to TR alone at its highest dose.

However, despite the results of in vivo studies showing that TOPSIp
microcarriers with reasonable particle size and pore size enhanced the
pharmacokinetic effect of TR, in vitro release studies showed an initial burst effect.

Based on this, it was proposed to chemically binding CH to the PSip inorganic surface,
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to obtain more controlled drug release profiles. The chemical binding of CH to the PSip
was carried out using UA and APTES-GTA as bridges. The functionalization protocol
of native PSi layers with UA has already been established in our research group,
however, the APTES functionalization of PSip has not been fully established. It was
observed in the literature that there are many functionalization conditions of PSip with
APTES, therefore, as a second part of the work, the APTES functionalization of PSip
under different reaction conditions using the traditional and MW-assisted silanization
methods was studied. In this study, the modified variables were reaction time (5 - 30
min), reaction temperature (80 - 120 °C), TOPSip chemical surface (silanol and
siloxane groups), APTES solution concentration (2 and 5 %) and silanization method
(traditional and MW-assisted). Our studies showed that the MW-assisted method had
a significant reduction in reaction time (26 min) when compared to the traditional
method (24 h), moreover APTES surface coverage increased by 39 % using MW
irradiation. Surface modification was evidenced by FT-IR, STEM, and elements
mapping; as well as ¢-potential measurements. It was found that silanol groups (Si-OH)
in TOPSIip-OH increased 3-fold the amino surface coverage when using a 5 % APTES
solution. Compared to using TOPSip with siloxane groups (SiO°) and the same APTES
solution. In addition, it was found that using a 5 % APTES solution and TOPSip-OH
increased the amino surface coverage compared to a 2 % APTES solution on the same
PSip. The optimization and modeling of APTES functionalization on TOPSip-OH with
5% APTES solution and MW-assisted method using a composite central design was
proposed. APTES surface functionalization was found to strongly depend on the
reaction time, reaction temperature and percentage of APTES. The optimal
functionalization conditions were obtained at middle-temperature values (95 °C), using
5 % APTES solution in dry toluene for 26 min. Finally, the ninhydrin method was
adapted to quantify amino functional groups in PSip. The concentration of amino
functional groups quantified by the ninhydrin method was confirmed by TGA.
Comparing both results, it was concluded that ninhydrin method is an excellent
alternative for amino groups quantification. Another important advantage of the

ninhydrin method is that this method involves direct reaction with amino groups;
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therefore, quantification is primarily directed at accessible amino groups. Which is
relevant since the quantified amino groups are used in subsequent functionalization

reactions.

Finally, as the third stage of the research work, the synthesis of biodegradable
and biocompatible composites based on chitosan and PSip was carried out:
UnPSip/CH and TOPSIip-OH/A/G/CH. The native PSi layers were functionalized with
UA (UnPSip), functionalization conditions established in the literature and implemented
in our research group were used, and a concentration of carboxylic groups of 1.6 mEqg/g
of UnPSip was obtained. On the other hand, APTES functionalization of TOPSip-OH
(TOPSIip-OH/A) was carried out using the optimal functionalization conditions obtained
in the second stage. Subsequently, the functionalization of the amino groups with GTA
(TOPSIip-OH/A/G) was carried out, obtaining a reaction's efficiency of 81%. CH was
chemically linked to the aldehyde groups of the TOPSip-OH/A/G and to the carboxylic
acid groups of the UnPSip. FTIR spectroscopy and &-potential demonstrated the
chemical modifications carried out at each step of the synthesis of composites. TR
loading capacity was lower in composites compared to bare TOPSip. This is the result
of the prolonged exposure time (24 h) of the UnPSip/TR and TOPSip-OH/A/G/TR with
the medium used in the chemical binding of CH (buffer pH 5). TR is highly soluble in
agueous media, therefore, while CH was chemically bound to UnPSip/TR and TOPSip-
OH/A/G/TR, TR diffused from the particles into the medium, causing large amount of
TR will be removed in the supernatant. TR release of UnPSip/TR/CH and TOPSip-
OH/A/GITRICH composites were mediated by stiffness to the polymeric chain and
intermolecular forces (electrostatic and/or van der Waals) created between composites
surface and TR. Through this strategy, a sustained release of TR was achieved along
30 h. TR release was also mediated by pH. UnPSip/TR/CH and TOPSip-
OH/A/G/TRICH composites showed a high burst effect in SGF due to electrostatic
repulsion forces between composites and TR. On the other hand, in SIF, a sustained
release of TR was obtained due to the high affinity between TR (positive charge) and
UnPSip/CH and TOPSip-OH/A/G/CH composites (negative charge) promoted in this

physiological condition. The analysis of TR release kinetics for a time of 30 h showed
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that TR transport is mainly controlled by drug concentration gradient (Fickian diffusion).
To determine the absorption in the intestine and effectiveness of TR, the mucoadhesive
properties were studied by the adsorption of mucin. Mucoadhesive properties were
higher at pH 4.6 (duodenum pH) compared with SGF and SIF. These results suggest
that mainly the composites will remain for an extended period in duodenum, where the
absorption of TR begins. Finally, UnPSip/CH is a promising TR delivery system for oral

therapy, increasing TR residence in intestine and maintaining a sustained release.
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Optimized microwave-assisted functionalization
and quantification of superficial amino groups on
porous silicon nanostructured microparticles

Candida Anahy Cisneros-Covarrubias,®* Gabriela Palestino, B César F. A Gomez-
Duran, (2 Sergio Rosales-Mendoza (2 and Maria de Lourdes Betancourt-
Mendiola (2*°

This work presents an optimized microwave (MW)-assisted method for the chemical functionalization of
porous silicon particles (PSipl. 3-(Aminopropyltriethoxysilane (APTES] was grafted on previously
stabilized PSip. The functionalization efficiency was studied and optimized in terms of maction time (Rt}
and reaction temperature (RT) using a central composite design (CCD). The effect of MW iradiation on
the surface cowerage was found to strongly depend on the PSip surface chemistry, Rt. RT, and
percentage of APTES. Quantification of grafted amino groups was performed by the ninhydrin method
[NHIM); confirming the results by thermogravimetric analysis (TGA). Reacting with 5% APTES solution at
85 *C for 26 min was the best functionalization conditions. The efficiency of PSip-APTES prepared
under the optimized condiions was compared to those functionalized by the tradiional method, MW
irradiation increases by 35% the number of functional groups grafted onto the PSip surfaces with the
additional benefit of having a drastic reduction in Rt

125



