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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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Fig. 12. Time-course of carrageenan-induced mechanical nociceptive 42
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 43
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 ***xp < 0.0001 by comparison

with the control. +++p < 0.001 and ++++p < 0.0001 by comparison with
TOPSIip-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 44
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 45
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 *xxxp

< 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, TOPSIip-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.
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Nanostructured Microparticles
Scheme 1. Different pathways for TOPSip functionalization by traditional 62

method (path B) and MW-assisted methods (paths A and C).

Fig. 1. Morphological and chemical analyses of TOPSip. HR-SEM 66
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
TOPSIp and (G) TOPSip-OH/APTES.

Fig. 2. ATR Fourier transform infrared spectra of (A) TOPSip (a) and 67
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 68
TOPSIip-OH/APTES (green line) after functionalization.

Scheme 2. Reaction mechanism between ninhydrin and TOPSip- 69
OH/APTES to produce Ruhemann’s purple dye.

Fig. 4. [TOPSip-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.
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Fig. 1. Functionalization steps of A) TOPSip-OH (thermal oxidation), 93
TOPSIip-OH/A (silanization), and TOPSIip-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
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
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
composites as a function of pH and mucin concentration.

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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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].



REFERENCES

1.

Kost J., Lapidot S. A., Kumar N., Chaubal M., Domb A. J., Kumar R. and Majeti
N. V. Drug delivery systems. Enc. of Pol. Sc. Tech. 2004, 5, 697-721, John Wiley
& Sons, Inc.

Hnawate, R. M. and Deore P. Nanoparticle - novel drug delivery system: A
Review. PharmaTutor, 2017, 5, 9-23.

Kumar, D. S., Banji D., Madhavi B., Bodanapu V., Dondapati S. and Sri A. P.
Nanostructured porous silicon a novel biomaterial for drug delivery. International
Journal of Pharmacy and Pharmaceutical Sciences. 2009, 1, 8-16.

Hamidi M., Azadi A. and Rafiei P. Hydrogel nanoparticles in drug delivery. Adv.
Drug Deliv. Rev., 2008, 60, 1638-1649.

Savage D., Liu X. and Curley S. Porous silicon advances in drug delivery and
immunotherapy, Curr. Opin. Pharm. 2013, 5, 834-841.

Bae K. H., Wang L. S., and Kurisawa M. Injectable biodegradable hydrogels:
progress and challenges. J. Mater. Chem. B., 2013, 1, 5371-5388.

Viseras C., Aguzzi C., Cerezo P. and Bedmar M. C. Biopolymer—clay
nanocomposites for controlled drug delivery. Mater. Sci. Tech., 2008, 24, 1020-
1026.

Song B., Wu C. and Chang J. Dual drug release from electrospun poly (lactic-
co-glycolic acid)/mesoporous silica nanoparticles composite mats with distinct
release profiles. Acta Biomater., 2012, 8, 1901-1907.

Goenka S., Sant V. and Sant S. Graphene-based nanomaterials for drug

delivery and tissue engineering. J. Control. Release, 2014, 173, 75-88.

10.Cirillo G., Hampel S., Spizzirri U. G., Parisi O. I., Picci N. and lemma F. Carbon

nanotubes hybrid hydrogels in drug delivery: a perspective review”, Biomed Res
Int. 2014.

11.Low S. P., Williams K. A., Canham L. T. and Voelcker N. H. Evaluation of

mammalian cell adhesion on surface-modified porous silicon. Biomaterials,
2006, 27, 4538—-4546.



12.Zhang H., Liu D., Shahbazi M. A., M&kila E., Herranz-Blanco B., Salonen J.,
Hirvonen J. and Santos H. A. Fabrication of a Multifunctional Nanoin-micro—Drug
Delivery Platform by Microfluidic Templated Encapsulation of Porous Silicon in
Polymer Matrix, Adv. Mater. 2014, 26, 4497-4503.

13.Wang C. F., Makila E. M., Kaasalainen M. H., Liu D., Sarparanta M. P.,
Airaksinen A. J., Salonen J., Hirvonen J. T. and Santos H. A. Copperfree azide—
alkyne cycloaddition of targeting peptides to porous silicon nanoparticles for
intracellular drug uptake, Biomaterials, 2014, 35, 1257-1266.

14.Santos H. A. and Hirvonen J. Nanostructured porous silicon materials: potential
candidates for improving drug delivery, Nanomedicine, 2012, 7, 1281-4.

15.Paulis L, Mandal S., Kreutz M. and Figdor C. Dendritic cell-based nanovaccines
for cancer immunotherapy, Curr. Opin. Immunol. 2013, 25, 389-395.

16.Chang-Fang W., Makila E. M., Bonduelle C., Rytkdnen J., Raula J., Almeida S.,
Narvanen A., Salonen J., Lecommandoux S., Hirvonen J. T. and Santos H. A.
Functionalization of Alkyne-Terminated Thermally Hydrocarbonized Porous
Silicon Nanoparticles with Targeting Peptides, ACS Appl. Mater. Interfaces,
2015, 7, 2006-2015.

17.Salonen J., Laitinen L., Kaukonen A., Tuura J., Bjorkqvist M., Heikkila T., Vah&-
Heikkila K., Hirvonen J. and Lehto V. P. Mesoporous silicon microparticles for
oral drug delivery: Loading and release of five model drugs’, Journal of
Controlled Release, 2005, 108, 362—-374.

18.Maniya N. H., Patel S. R. and Murthy Z. V. P. Development and in vitro
evaluation of acyclovir delivery system using nanostructured porous silicon
carriers. Chemical engineering research and design, 2015, 104, 551-557.

19.Hamidi M., Azadi A. and Rafiei P. Hydrogel nanoparticles in drug delivery Adv.
Drug Deliv. Rev., 2008, 60, 1638-1649.

20.Wang X., Chi N. and Tang X. Preparation of estradiol chitosan nanopatrticles for
improving nasal absorption and brain targeting. European Journal of
Pharmaceutics and Biopharmaceutics. 2008, 70, 735-740.



21.Andersen T., Bleher S., Flaten G. E., Tho I., Mattsson S. and Skalko-Basnet N.
Chitosan in Mucoadhesive Drug Delivery: Focus on Local Vaginal Therapy. Mar
Drugs. 2015, 13, 222-236.

22.Wang X., Zheng C., Wu Z., Teng C., Zhang X., Wang Z. and Li C. Chitosan-
NAC Nanoparticles as a Vehicle for Nasal Absorption Enhancement of Insulin.
Journal of Biomedical Materials Research Part B: Applied Biomaterials. 2009.

23.Tamilselvan N. and Raghavan C. V. Formulation and characterization of anti-
alzheimer’s drug loaded chitosan nanoparticles and its In vitro biological
evaluation. Journal of Young Pharmacists. 2015,7.

24.Dasha M., Chiellini F., Ottenbrite R. M. and Chiellini E. Chitosan—A versatile
semi-synthetic polymer in biomedical applications. Progress in Polymer
Science. 2011, 36, 981-1014.

25.Md S., Khan R. A., Mustafa G., Chuttani K., Baboota S., Sahni J. K. and Ali J.
Bromocriptine loaded chitosan nanoparticles intended for direct nose to brain
delivery: Pharmacodynamic, Pharmacokinetic and Scintigraphy study in mice
model. European Journal of Pharmaceutical Sciences, 2013, 48, 393—405.

26.Vazzana M., Andreani T., Fangueiro J., Faggio C., Silva C., Santini A., Garcia
M. L. Silva A. M. and Souto E. B. Tramadol hydrochloride: Pharmacokinetics,
pharmacodynamics, adverse side effects, co-administration of drugs and new
drug delivery systems. Biomedicine & Pharmacotherapy, 2015, 70, 234-238.

27.McCarberg B. Tramadol extended-release in the management of chronic pain,
Ther. Clin. Risk Manage. 2007, 3, 401.

28.Brvar N., Mateovic-Rojnik T. and Grabnar |. Population pharmacokinetic
modelling of tramadol using inverse Gaussian function for the assessment of
drug absorption from prolonged and immediate release formulations.
International Journal of Pharmaceutics. 2014, 473, 170-178.



2. JUSTIFICATION

Based on the advantageous properties of biodegradability, biocompatibility and
mucoadhesiveness of the designed composites (UnPSip/CH and TOPSIp-
OH/A/GICH), 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 technigues 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.

10
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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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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
rsclifmethods additional benefit of having a drastic reduction in RL
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