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ABSTRACT 

Design and Synthesis of Porous Smart Materials for Biomedical Applications 

Haneen Omar 

Porous materials have garnered significant interest within scientific community 

mainly because of the possibility of engineering their pores for selective applications. 

Currently, much research has focused on improving the therapeutic indices of the active 

pharmaceutical ingredients engineered with nanoparticles.  

The main goal of this dissertation is to prepare targetable and biodegradable 

silica/organosilica nanoparticles for biomedical applications with a special focus on 

engineering particle pores. 

Herein, the design of biodegradable silica-iron oxide hybrid nanovectors with large 

mesopores for large protein delivery in cancer cells is described. The mesopores of the 

nanomaterials span 20 to 60 nm in diameter, and post-functionalization allowed the 

electrostatic immobilization of large proteins (e.g., mTFP-Ferritin, ~534 kDa). The 

presence of iron oxide nanophases allowed for the rapid biodegradation of the carrier in 

fetal bovine serum as well as magnetic responsiveness. The nanovectors released large 

protein cargos in aqueous solution under acidic pH or magnetic stimuli. The delivery of 

large proteins was then autonomously achieved in cancer cells via the silica-iron oxide 

nanovectors, which is thus promising for biomedical applications.  
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Next, the influence of competing noncovalent interactions in the pore walls on the 

biodegradation of organosilica frameworks for drug delivery applications is studied. 

Enzymatically-degradable azo-bridged organosilica nanoparticles were prepared and 

then loaded with the anticancer drug doxorubicin (DOX). Controllable drug release was 

observed only upon the stimuli-mediated degradation of azo-bridged organosilica 

nanoparticles in the presence of azoreductase enzyme triggers or under hypoxia 

conditions. These results demonstrated that azo-bridged organosilica nanoparticles are 

biocompatible, biodegradable drug carriers and that cell specificity can be achieved both 

in vitro and in vivo. Overall, the results support the importance of studying self-assembly 

patterns in hybrid frameworks to better engineer the next generation of dynamic or “soft” 

porous materials.
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CHAPTER 1 

1. Introduction 

1.1 Porous Materials 

Porous material is defined as a material containg pores (cavities, channels or 

crevices). Porous materials have characteristic properties such as the feasibility of atoms, 

ions and molecules to interact not only on the outer surface of porous materials but also 

inside the pores, as well as a very high surface-to-volume ratio. Therefore, porous 

materials were heavily used over the past decades in various fields in adsorption, 

catalysis, separation, purification, and biomedical applications. 

Generally, porous materials are classified into two categories according to the 

dimensions of the pores and the nature of the material (Figure 1.1).1 

 

Figure 1. 1. Classification of porous materials according to the dimensions of the pores 

and the nature of the material. 

Porous materials are categorized into three groups according to their pore size: 

microporous (pore size <2 nm), mesoporous (pore sizes between 2–50 nm), and 
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macroporous materials (pore sizes 51–100 nm).2 The building framework is also classified 

into three groups: inorganic (i.e., Silica, Zeolite), organic-inorganic hybrid (i.e., 

Organosilica, Metal-Organic Frameworks (MOFs)), and solely organic porous materials 

(i.e., polymer with intrinsic microporosity). 

1.2 Inorganic Porous Materials: Silica 

Among inorganic structures, silica (SiO2) is the most widely used material for a 

variety of applications (catalysis, biological and biomedicine), because it’s their availability 

for mass production and simple synthetic method for producing it.3-4 

Mesoporous silica materials have attracted considerable attention since their 

discovery in the first decade of the nineties.5-6 Silica has desirable features which include 

ordered mesoporous arrangement, high surface areas, large pore volumes, tunable pore 

diameters, controllable particle morphology and both exterior and interior surfaces that 

can be independently modified with a variety of functional groups.7 

1.2.1 Synthesis of Mesoporous Silica Nanoparticles  

Mesoporous silica materials were independently synthesized in the early 1990s by 

Kuroda et al and Kato et al by using the top-down approach.5-6 Ten years later the three 

first publications of mesoporous silica nanoparticles in 2001-2002. In the work of Cai, the 

mechanism of formation of MSNs is well explained. (Cooperativity between silicates and 

surfactant).8-10 Since then, research in this field has expanded tremendously. Mesoporous 

silica nanoparticles have been synthesized by varying experimental conditions such as pH, 

temperature, templates, and molar ratios.11-12  
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The most common types of mesoporous nanoparticles are Mobil Crystalline 

Material 41 (MCM-41),5 exhibiting a 2D hexagonal mesopore arrangement (Figure 1.2). 

The unique properties of mesoporous silica nanoparticles (MSN) have made them great 

tools for many applications such as catalysis, sensing, imaging, and responsive cargo 

delivery.13-17 

 

Figure 1. 2.TEM image of an MCM-41. 

The key principle for synthesizing MSN materials is based on the hydrolysis and 

condensation of a silica source. MSN can be synthesized under both basic and acidic 

environments and typically relies on a surfactant template to produce their 

mesostructures.18-19 Additional additives generally are employed to adjust the properties 

of the material toward the desired structure.20-21 Many factors control the formation of 
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mesoporous silica species, for instance, the dimensions of the templating micelles which 

control the final pore size, shape, and morphology can be altered in several ways with 

temperature, additives, and stirring conditions.22 

The mesoporous silicas central to the research presented in this dissertation are 

surfactant templated and are synthesized under basic conditions.23 Typically, MSN is 

synthesized by condensation of a silica source such as tetraethylorthosilicate (TEOS) in 

the presence of micellar concentrations of a surfactant, typically 

cetyltrimethylammonium bromide (CTAB).24 The micelles form a template around which 

the silica condenses. After particle condensation, the surfactant template is removed via 

solvent extraction or high-temperature calcination to leave the porous silica material 

(Figure 1.3). 

 

Figure 1. 3. Scheme of the formation mechanism of MCM-41. 

1.2.2 Structural Properties of Mesoporous Silica Nanoparticles 

Mesoporous silica materials have high surface area, and their surfaces are covered 

by silanol groups, which makes the functionalization of the pore surface of the 

mesoporous silica very stright forward.7 The surface functionalization of mesoporous 

silicates could alter the physical and chemical properties of these materials dramatically. 
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For example, modification of the silica surface with biomolecules, including proteins, such 

as enzymes, antibodies, polysaccharides, or nucleic acids, will facilitate specific biological 

reactions or interactions.25-27 

Another useful modification to MSN is the incorporation of a metal oxide core 

such as magnetite (Fe3O4).28 Magnetite nanoparticles are superparamagnetic; they have 

no magnetic attraction between particles until an external magnetic field is applied. This 

combination can be used in conjunction with a static magnetic field to direct or sequester 

the materials; or an oscillating magnetic field can be applied, inducing vibration into the 

sample, which can be used to elevate the temperature of the local environment and/or 

to stimulate the release of an adsorbate. 

Additionally, good biocompatibility, high loading capacity, the possibility of 

attachment target ligands for specific cellular recognition, and the flexibility to adjust the 

pore shape and size of MSN are particularly useful for tuning the release of an adsorbed 

molecule in an application such as drug delivery.29-30 

1.2.3 Applications of Mesoporous Silica Nanoparticles 

Mesoporous silica is currently being investigated for numerous potential 

applications, notably in areas such as sensing,31 bioimaging,32 cargo delivery,33 catalysis,34 

and environmental remediation.35 These applications are made possible by the general 

stability, porous structure, inert nature, and tunable structures. 



28 
 

1.3 Organic-Inorganic Hybrid Porous Materials: Periodic Mesoporous Organosilica 

Since the first discovery of MSN, many efforts have been made to enhance the 

functionalities of mesoporous materials. Incorporation of organic groups within the 

channel wall of the mesoporous silica-based framework structure is a powerful tool for 

developing functional materials. In 1999, three groups (Inagaki et al., Ozin et al. and Stein 

et al.) independently reported a new class of mesoporous organic-inorganic hybrid 

materials that incorporate organic components within a silica framework known as 

periodic mesoporous organosilica (PMO).36-38 In PMOs, the organic groups are covalently 

bonded to two or more silicon atoms.  

1.3.1 Synthesis of Mesoporous Periodic Mesoporous Organosilica Nanoparticles  

PMO materials are prepared similarly to mesoporous silica materials via 

surfactant-templated hydrolytic polycondensation of bridged organosilica precursors. 

Subsequent removal of surfactant through extraction or heat treatment liberates the 

pore space (Figure 1.4).  

 

Figure 1. 4. Scheme of the formation mechanism of PMOs. 
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To date, numerous organic bridging groups varied in length, rigidity, geometry of 

substitution, and functionality have been successfully integrated into the framework of 

PMOs.11, 39-44 

Figure 1.5 shows some of the organosilica precursors used for their preparation, 

from which it is obvious that researchers have relied mostly on short, rigid organic linkers 

or aromatic linkers, as flexible organic linkers over two carbons in length could easily 

result in disordered materials.39 
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Figure 1. 5. A selection of organosilica precursor molecules used for the preparation of 

PMOs. Si = Si(OR)3, R= Me, Et or iPr. (Figure adapted from ref. 35.) 39 

These organic bridging groups are uniformly distributed within and on the surface 

of the pore walls, which can boost the activity of these functional groups. Also, the 

variability in the organic bridging groups provides an opportunity to modulate bulk 

properties such as porosity, thermal stability, chemical resistance, and hydrophobicity. 
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PMO hybrid materials exhibit interesting features such as tunable 

hydrophilic/hydrophobic microenvironments, excellent hydrothermal and mechanical 

stability, and myriad pore surface compositions that fine‐tune interactions with guest 

molecules,45-48 thus, making them attractive in diverse areas of applications, such as 

catalysis and drug delivery systems.36-38, 49-53 

1.4 Biodegradations 

Biodegradable nanomaterials have drawn considerable interest in the biomedical 

applications field because of their great potential to reach the emerging industrial market 

of nanomedicine. Biodegradation is defined as the “degradation caused by enzymatic 

process resulting from the action of cells.” Various types of nanocarriers with degradable 

linkers such as micelles,54 liposome,55 dendrimers,56 polymeric NPs,57 copolymer–

liposome,58 and PMOs59 nanosystems have been prepared for biomedical applications.60 

Most inorganic NPs are not biodegradable, excluding a very few examples of degradable 

inorganic NPs including calcium phosphate,61-62 manganous phosphate,61-62 silicon,63 

silica64 and small‐sized (5–7 nm) iron oxide NPs.65  

Biodegradable organic-inorganic hybrid NPs are of great promise as they possess 

both the biodegradability features of organic moieties as well as the mesoporous 

framework and properties of an inorganic matrix. Biodegradable PMO NPs have been 

reported by several groups based on various biodegradable linkers such as redox‐

cleavable groups (disulfide66-67 and tetrasulfide68) or enzymatically cleavable groups 

(bis(propyl)oxamide groups69 and azo linker70) (Figure 1.6). 
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Figure 1. 6. A selection of biodegradable organosilica precursor molecules used for the 

preparation of biodegradable PMOs.66-67, 69, 71-72 

The incorporation of biodegradable linkers within the structure of nanomaterials 

is considered a breakthrough due to their lower bioaccumulation and higher 

biocompatibility which provided favorable risk-benefit ratios65, 73-74 as well as their ability 

to prevent premature drug release at the extracellular level in cancer cells.75-81 

1.5 Biomedical Applications 

Applications of nanotechnologies in medicine have been referred to as 

‘nanomedicine.’82 A wide range of nanoscale materials have been used in nanomedicine, 

such as liposomes, nanoparticles, micelles, dendrimers, nanotubes and so on,82-83 for 

diagnosis, delivery, sensing and to control of biological systems. 
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In recent times, substantial efforts have been placed into the development of 

nanomaterial-based drug delivery to eliminate a tumor outgrowth without any collateral 

damage.84 Moreover, the current concerns in treating cancer include low specificity, rapid 

drug clearance and biodegradation, and limited targeting.85 Therefore, a research in 

nanomedicine has endeavored to modify and functionalize nanomaterials, to achieve 

better tumor targeting, tissue targeting and release of drugs in a stable, controlled 

manner. 

1.6 The Physico-Chemical Properties of Nanomaterials 

The physico-chemical properties of nanomaterials available for cancer research 

such as size, shape, and surface characteristics can be modified to treat specific tumors. 

In particular, tuning the size of the nanoparticles may improve specific uptake into tumor 

tissue,86 while the shape of the nanoparticles may impact fluid dynamics and thus 

influence uptake.87 The stability and distribution of nanoparticles in the blood is affected 

by the charge of the nanocarriers.88 However, the surface modification of the 

nanocarriers with suitable ligand may prolong blood circulation and promote specific 

types of endocytosis and cellular uptake into tumor tissue.89 

One of the main obstacles of drug delivery systems is the poor solubility of some 

molecules/drugs which restrict their successful delivery to the tumor. Encapsulation of 

these drugs into nanocarriers may facilitate their solubility, thus preventing rapid 

clearance and improving bioavailability and thus allow more effective delivery.90 
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1. 7 Stimuli-Responsive Nanomaterials 

Stimuli-responsive nanomaterials have been developed to respond to internal 

(pH, redox state and enzymes) or external stimuli (temperature, light, ultrasound and 

magnetic fields) that promote the release of the payload to the specific target, by 

interfering with the structure, phase or conformation of the nanomaterials.89 

For instance, tumor environments exhibiting low oxygen and nutrient levels are 

environments rich in reductive agents (i.e., glutathione) which can be used for triggered 

release from redox-responsive nanocarriers.91-94 

Another example is the nanocarrier with disulfide bonds which can be reductively 

cleaved by the presence of glutathione enzyme and hence trigger the release of drugs in 

the tumor tissue, which may increase cellular apoptosis.92, 95-96 Overall, a myriad of new 

strategies have been developed to enhance prospective drug delivery systems. 
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CHAPTER 2 

Biodegradable Magnetic Silica@Iron Oxide Nanovectors with Ultra-Large Mesopores 

for High Protein Loading, Magnetothermal Release, and Delivery 

Haneen Omar et al. Journal of Controlled Release, 259 (2017) 187-194 

2.1 Introduction 

 Biodegradability is a crucial feature for the biomedical application of 

nanotechnology.1-11 The absence of particle biodegradability prevents almost always the 

approval of the food and drug administration (FDA) and other regulatory agencies to 

enter the pharmaceutical market. Non-degradable nanomaterials are indeed raising 

concerns of toxicity due to their uncontrolled bio-accumulation. The degraded products 

of biodegradable nanoparticles (NPs) should also to be biocompatible. Biodegradable 

nanomaterials include various polymer,6 liposome,12-13 silicon,14-15 organically-doped 

silica,2-3, 5 and calcium phosphate nanosystems.16-17. In addition, nano-objects of 

hydrodynamic diameter (HD) below 10 nm are excreted by the body via the renal 

clearance route which prevents the toxicity associated with the bio-accumulation of 

particles. As a result, large biodegradable particles which can be degraded into sub-10 nm 

fragments such as calcium phosphate and organosilica NPs as well as renal-clearable NPs 

such as quantum dots have attracted increasing attention in recent years 1 . Some 

nanomaterials successfully reached human clinical trials such as liposomes18 and silica C 

dots.19 
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 The delivery of large proteins is required for the treatment of several pathologies 

and yet remains a persistent challenge in nanotechnology.20-26 Proteins are often not able 

to be delivered selectively due to several limitations such as membrane impermeability, 

short lifetimes, and their susceptibility to enzymatic degradation.23, 27 A plethora of 

nanocarriers has therefore been developed to deliver more efficiently proteins under 

various stimuli.23, 28 Protein carriers are grouped into four categories: lipid-based, 

polymer-based, protein-based, and inorganically-based nanomaterials.22 The main 

advantages of the first three categories are the biodegradability of the nanocarrier and 

the biocompatibility of their degraded products (though not always), but typical 

drawbacks are often the relatively low protein loadings and the uncontrolled leakage. The 

protein could be either covalently attached or physically adsorbed onto the surface of the 

carrier, or alternatively loaded into the nanocarrier.22 Another disadvantage of many 

nonporous nanocarriers is their specificity. For example, carriers covalently-linked with 

proteins, or specific carrier-proteins combinations which allow the formation of NPs. 

Disadvantages of the porous nanocarriers, mostly inorganic NPs, are often twofold: a low 

biodegradability and limited mesopore diameters. Among the largest proteins 

transported by NPs, human serum albumin proteins (66 kDa, ~4 nm) were loaded into 

polymethacrylate-hydroxyapatite29 and ferritin proteins (450 kDa, ~12 nm) were loaded 

into biodegradable polylactide NPs.30 

 Mesoporous silica nanoparticles (MSN) and mesoporous silica hybrid 

nanomaterials have attracted a lot of attention in a variety of research fields.31-36 MSN 
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are promising nanoplatforms for nanobiomedicine due to their biocompatibility, high 

specific surface areas, tunable pore sizes, and known silicon chemistry.37 Silica NPs are 

slowly degraded in water by dissolution into biocompatible and bioadsorbed silicic acid 

products,38 and silica NPs are renally excreted.39-41 The unique properties of MSN and 

silica hybrid NPs have been implemented in catalysis,37, 42 separation,43-45 bio-imaging,33, 

46-48 and in cargo delivery applications,34-37, 49-51 to name a few. Large-pore silica and silica 

hybrid NPs have also been designed for biomedical applications.52 Silica NPs with pore 

sizes ranging from 5 nm up to 40 nm have been utilized to load proteins of various 

molecular weights from cytochrome C (12 kDa) to immunoglobulin G (150 kDa).53-59 Iron 

oxide@mesoporous silica NPs with 5-9 nm60 and 10-15 nm61 pores were also developed 

and loaded with biomolecules of sizes below 4 nm.52 The large pore sizes available with 

the elaboration of novel inorganic nanocarriers is necessary because the HD of large 

proteins can be significantly higher than their theoretical size, and to enable the 

transportation and delivery of larger cargos. One main drawback of mesoporous silica 

particles is their slow biodegradation which takes several weeks or months.38, 62-64 

2.2 Design 

 Herein, we describe the elaboration of biodegradable mesoporous silica-iron 

oxide nanohybrids with ultra-large mesopores for the high loading of large proteins and 

their delivery in cancer cells (Figure 2. 1). The size, morphology, composition and the 

structure of the nanovectors were characterized via different techniques which revealed 

uniform spherical 100 nm nanocomposites with large internal cavities of 20 to 60 nm with 



51 
 

iron oxide nanophases homogenously incorporated within the silica walls. The novelties 

and advances of our study are summarized as follows: (1) we report the loading of the 

largest protein, mTFP-Ferritin (~534 kDa, HD of ~20 nm), in the mesoporous silica and 

silica hybrid family, (2) the first inorganic mesoporous NPs for large protein delivery which 

was demonstrated to be biodegradable (in only 3 days), (3) a high and stable protein 

loading (up to 23 wt%) which mainly occurred inside the nanovectors and thus may 

protect the proteins against degradation processes, (4) the magnetically-actuated release 

of large cargo in solution, (5) a multifunctional magnetic nanosystem for bio-imaging and 

therapy, specifically applied in-vitro for the autonomous pH-triggered delivery of large 

proteins into cancer cells. 
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2.3 Experimental Section 

2.3.1 Materials  

Tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTES), 

cetyltrimethylammonium bromide (CTAB) and iron (III) chloride hexahydrate 

(FeCl3.6H2O), 5(6)-carboxy-X-rhodamine N-succinimidyl ester, and Cell Counting Kit-8 

assay (CCK-8) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) was 

purchased from Fisher. Milli-Q water was used in all synthetic experiments. The human 

cervical tumor cell line (HeLa) was purchased from ATCC (U.S.A.). Eagle’s MEM medium 

(EMEM), phosphate buffered saline (PBS, pH 7.4), fetal bovine serum (FBS), and penicillin-

streptomycin antibiotic, hoechst 33342 nuclear dye and CellMask™ Deep Red Plasma 

Membrane Stain were purchased from Invitrogen (U.S.A.). All chemicals were used 

without further purification. 

 2.3.2 Methods: Synthesis and Characterization  

FTIR spectra were recorded using a Thermo Scientific spectrometer (Nicolet iS10). 

Absorption spectra were recorded using a Varian Cary 5000 spectrophotometer, and 

fluorescence data were collected using a Varian Cary Eclipse fluorimeter. Dynamic light 

scattering (DLS) and zeta potential analyses were performed using a Malvern Nano ZS 

instrument. Transition electron microscopy (TEM) images and energy dispersive x-ray 

spectroscopy (EDX) were recorded using a Technai 12 T (FEI Co.) microscope operated at 

120 kV. Nitrogen adsorption-desorption isotherms were acquired using a Micromeritics 

ASAP 2420 instrument. Powder XRD measurements were performed using a Panalytical 
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X’Pert Pro X-ray powder diffractometer using the Cu Kα radiation (40 V, 40 mA, λ = 

1.54056 Å) in a θ – θ mode from 20 ° to 90 ° (2 θ). Superconducting quantum interference 

device (SQUID) was used to the measure magnetic properties of the NPs. MRI data were 

acquired on a Bruker 500SWB spectrometer with a super wide bore 11.75 T magnet 

resonating at 500 MHz. The average T2 relaxation times were calculated using a Carr-

Purcell-Meiboom-Gill (CPMG) spin echo imaging pulse sequence. 

Synthesis of MSN. 2D-hexagonal MCM-41 mesoporous silica nanoparticles (MSN) 

were prepared by dissolving CTAB (250 mg, 0.67 mmol) in deionized water (120 mL) with 

a NaOH aqueous solution (875 µL, 2 M). The mixture was stirred for 30 min and heated 

to 60 °C when TEOS (1.25 mL, 5.6 mmol) was slowly added. After 10 min of stirring at 60 

°C, the temperature was increased to 85 °C. Then, 3-

(trihydroxysilyl)propylmethylphosphonate (0.564 g, 2.4 mmol) was added drop-wise. The 

sol-gel process was conducted for 90 min, and the solution was then cooled down to room 

temperature. The material was collected by centrifugation, washed twice with methanol, 

and then dried at room temperature. 

Synthesis of Silica-Iron oxide Nanocomposites. The synthesis was performed 

according to a modified thermal annealing procedure of Hyon et al.65. Iron chloride 

hexahydrate (FeCl3.6 H2O, 2.8 g, 10.4 mmol) was dissolved in Milli-Q water (5 mL). The 

solution was then filtered with a syringe (Ø 33 mm) filter with a hydrophilic nylon 

membrane (Millipore Millex-GN Nylon 0.2 µm). The MSN powder was finely ground and 

placed on a Büchner funnel, the aqueous iron chloride solution was poured out to 
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impregnate the pores of the particles, and then the vacuum was turned on to dry MSN. 

The filtered FeCl3.6 H2O solution was poured again on the MSN powder on the Büchner 

funnel, and the particles were vacuumed again. This impregnation process was repeated 

ten times. The yellow product was dried under vacuum at 60 °C and was transferred to 

an annealing crucible. Then, thermal annealing under nitrogen was performed by using a 

furnace tube at 430 °C for 4 h with a heating rate of 30 °C/min. The cooling step was 

conducted at a rate of 20 °C/min under nitrogen atmosphere. The nanocomposites were 

finally dispersed in water and sonicated 10 minutes, was collected by centrifugation. This 

process was repeated five times with various solvents (twice in water, twice in ethanol, 

and once in acetone) and finally dried at room temperature. 

Amination of the Nanocomposites. Silica-iron oxide nanocomposites (100 mg) 

were suspended in dry toluene (10 mL) with 3-aminopropyltriethoxysilane (APTES, 25 μL), 

and the solution was stirred and refluxed under nitrogen for 12 h. The amine-modified 

nanovectors were collected by centrifugation, washed with (toluene, THF, and methanol) 

and finally dried under vacuum for 24 h. 

Nanocomposites Protein Loading. Silica-iron oxide nanocomposites (300 µL, 1 mg 

µL-1) were mixed with mTFP-Ferritin protein (50 µL, 4 ng µL-1) and stirred at 210 rpm for 

three days at room temperature. Finally, the resulted mixture was then centrifuged at 

14000 rpm for two minutes and washed three times with phosphate-buffered saline (PBS, 

pH 7.4). The same procedure was performed for Alexa-Ferritin protein (100 µL, 2 ng µL-1). 
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pH-Triggered Protein Release. The loaded nanocomposites were placed at the 

bottom of a glass cuvette, and then a PBS solution (300 µL, pH 7.4) was carefully added 

to prevent the dispersion of the NPs. After two hours, the pH was adjusted to 5.0 using 

aliquots of HCl. The same procedure was performed for the control sample which did not 

involve pH change. 

Magnetically-Triggered Protein Release. Protein-loaded nanocomposites were 

dispersed in a glass cuvette with a PBS solution (300 µL, pH 7.4) to form a homogeneous 

solution. The particle dispersion was then placed into a magnetic field (470 kHz) for a 

period of time, and the fluorescence spectrum was subsequently measured. This process 

was repeated several times with or without the magnetic field to plot an “on/off” release 

profile. The same procedure was performed for the similar magnetically-triggered protein 

release at pH 5.0. 

Nanocomposites Biodegradability Studies. A mixture of silica-iron oxide NPs (1.0 

mg) and fetal bovine serum (FBS, 2.0 mL) was stirred for three days at 37 °C in a centrifuge 

tube. Then, aliquots were directly taken to perform TEM and DLS analyses. The same 

procedure was performed for the control experiment involving the nanocomposites 

dispersion in water. 

Rhodamine B Nanocomposites Labeling. A mixture of 5(6)-carboxy-X-rhodamine 

N-succinimidyl ester (25 mg, 0.4 mmol), APTES (10 µL, 0.4 mmol), and absolute ethanol 

(5 mL) was stirred at room temperature for three days. The ethanolic alkoxysilylated 

rhodamine B solution (3 µL) and nanocomposites (1 mg) were mixed at room temperature 



56 
 

for two days and then centrifuged. The process was repeated once and the rhodamine B-

nanocomposites were washed with water and ethanol and were finally dried under 

vacuum. The labeling was confirmed by UV-VIS spectroscopy (Figure 2. 26).  

Confocal Fluorescence Microscopy. For confocal fluorescence microscopy 

measurements, Hela cells were sub-cultured on treated 6 well plates at a density of 5×104 

well. One day later, cells were treated with silica-iron oxide nanoparticles (10 μg, 1 mg µL-

1) loaded with mTFP-Ferritin and then incubated for 6 h at 37 °C in humidified 

atmosphere. Wells were then washed three times with PBS buffer solution (1 mL) and 

incubated with cellMask deep red stain for 5 min at 37 °C to stain the cell membrane. 

Nuclei were also stained with Hoechst 33342 for 10 min at 37 °C. After each staining, cells 

were washed three times with PBS to remove the excess of the dye. Transfected cells 

were fixed with 4 % paraformaldehyde and visualized by CLSM (Zeiss LSM 710 inverted 

confocal microscope). The same procedures were performed for silica-iron oxide 

nanocomposites loaded with Alexa-Ferritin. 

Flow Cytometry. In order to examine the internalization of the protein into the 

cells, the fluorescence-activated cell sorting (FACS) was carried out. Rhodamine B labeled-

silica-iron oxide nanocomposites loaded with mTFP-Ferritin protein were incubated with 

HeLa cells for 12 h. Cells were washed, trypsinized and analyzed by FACS. The mTFP-

Ferritin protein has a green fluorescence from the mTFP moieties and the 

nanocomposites were visualized with the pink-red color of rhodamine B. 



57 
 

Cell Viability Assay. Hela cells were cultured in EMEM media supplemented with 

10 % FBS and 1 % penicillin-streptomycin at 37 °C in a 5 % CO2 humidified atmosphere. 

The cells were detached, and its suspension was centrifuged at 1500 rpm for 5 min. After 

the pallet was collected, cells were counted for further plating. In 96 well plates, cells 

were seeded at a density of 5×103 well. One day later, seven different concentrations of 

silica were added to the wells and left for 24 h at 37 °C. Then, the culture medium was 

discarded, and CCK8 solution in MEM media (100 μL) were added to each well and 

incubated for 4 h in the dark. The absorbance values were measured at 590 nm using the 

xMark™ microplate absorbance spectrophotometer. 

2.4 Results and Discussion 

 The silica-iron oxide-propylamine nanovectors were first synthesized by a 

previously reported method of our group.65 The procedure involved the initial 

preparation of MSN followed by repeated infiltrations with iron chloride hexahydrate 

complexes, and eventually a thermal annealing step in order to form iron oxide 

nanophases into silica NPs while expanding the pore sizes. Using annealing temperatures 

of 380 or 430 °C respectively led to silica-iron oxide nanocomposites with pore sizes of 10 

and 20 to 60 nm (Figure 2. 3). Large-pore nanocomposites annealed at 430 °C were then 

surface-functionalized with aminopropyltriethoxysilane to electrostatically attach 

negatively-charged proteins into the nanovectors (Figure 2. 1a). 
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Figure 2. 1 Representation of silica-iron oxide-propylamine nanocomposites, the loading 

of large proteins, and the proposed protein-NPs interactions (a). Large protein delivery 

via silica-iron oxide NPs (b). 
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Figure 2. 2. TEM micrographs of MCM-41 mesoporous silica nanospheres (a-b), and the 

resulting silica-iron oxide NPs after annealing at 380 (c-d) or 430 °C (e-f) during 4 h. 

 The size and the morphology of the nanocomposites were then assessed via electron 

microscopy (Figure 2. 3a-d). Transmission electron microscope (TEM) of silica-iron oxide 

nanovectors displayed uniform spheroid 100 nm nano-objects with large internal cavities 

connected to the particles surface with 20 to 60 nm-large mesopores (Figure 2. 3c). 

Scanning transmission electron microscopy (STEM) and TEM images at various 

magnifications confirmed the general uniformity of the shape and of the morphology of 

the particles (Figure 2. 3 and 2. 4a-c). Observing these elegant nanovectors with high 

magnification STEM images also validated the presence of the iron oxide nanophases, as 

depicted by the variation of the imaging contrast (Figure 2. 3e). Dynamic light scattering 

(DLS) measured a single population with a hydrodynamic diameter of 130 nm (Figure 2. 

5). 
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Figure 2. 3. Representation of silica-iron oxide-propylamine nanocomposites (a). STEM 

(b,d-e) and TEM (c) micrographs of the NPs. FFT of the NPs depicting the iron oxide 

nanocrystals diffraction pattern (f). Elemental mapping of silica-iron oxide-propylamine 

NPs (g-j) from the spectrum image of (e). 
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Figure 2. 4. TEM micrographs of silica-iron oxide nanocomposites (a-c) revealing the good 

sample homogeneity in shape  
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Figure 2. 5. DLS analysis of aminopropyl-functionalized silica-iron oxide nanocomposites. 

The distribution was plotted by the number of particles as a function of their 

hydrodynamic diameter. 

 The composition of the nanocomposites was then investigated by various 

techniques. The successful incorporation of iron oxide nanophases and the aminopropyl 

functionalization of the silica nanostructure were investigated by STEM-electron energy-

loss spectroscopy (EELS, see a typical spectrum in Figure 2. 6). The homogeneous 

distribution of iron oxide NPs within the mesoporous silica-aminopropyl framework was 

demonstrated by STEM-EELS elemental mappings of silicon, oxygen, iron and carbon 

atoms (Figure 2. 3e, g-j). Energy dispersive x-ray (EDX) spectroscopy confirmed the 

presence of silicon, oxygen, carbon, and iron atoms (Figure 2. 7). The content of iron oxide 

was estimated to be of 48 wt%. The crystallinity of the iron oxide nanophases was shown 

by the diffraction spots on the fast Fourier transform (FFT) (Figure 2. 3f).  
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Figure 2. 6. Typical background subtracted electron energy-loss spectrum of the NPs. 

 

Figure 2. 7. EDX spectrum of silica-iron oxide-aminopropyl nanocomposites. 
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 X-ray diffraction (XRD) revealed that the iron oxide is a combination of the α-

Fe2O3 and γ-Fe2O3 phases (Figure 2. 7a).66 The size of iron oxide NPs that formed within 

the silica NPs was estimated to be 4.5 nm in average via the XRD diffractogram using the 

Debye–Scherrer equation. High magnification TEM supports this conclusion (Figure 2. 8) 

in good agreement with Figure 2. 3e,h. 
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Figure 2. 7. Large angle XRD pattern of silica-iron oxide nanocomposites demonstrating 

the presence of α and γ-Fe2O3 nanocrystallites inside the large-pore silica matrix (a). 

Sorption isotherm of silica-iron oxide nanocomposites (b). Inset is the pore size 

distribution of the NPs. 
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Figure 2. 8. High magnification TEM micrograph of the silica-iron oxide nanocomposite 

supporting the Sherrer’s equation finding of 4.5 nm iron oxide nanophases incorporated 

into the silica framework. 

 The surface modification of silica-iron oxide NPs was confirmed by the presence 

of the νΝ-H and νC-H stretching mode of the amine groups at 1430 and 2980 cm−1, 

respectively, in addition to the presence all the characteristic peaks of silica such as the 

νSi-O mode at 1080-1050 cm-1 typical of well-condensed networks (Figure 2. 9). The mode 

of vibration observed around 600 cm-1 was attributed to the iron oxide νFe-O stretching. 
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The zeta potential of the nanocomposites was consistently reversed from –23 mV to +33 

mV after the amine grafting (Figure 2.10). Note that, the surface functionalization of the 

particles was also suggested by the merged elemental mappings of Si, Fe, and C atoms 

(Figure 2. 11). 

 

Figure 2. 9. FTIR spectra of SiO2-Fe2O3 and SiO2-Fe2O3-NH2, confirming the amine 

modification. 
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Figure 2. 10. Zeta potential of bare and aminopropyl-functionalized silica-iron oxide 

nanocomposites. 
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Figure 2. 11. Elemental mapping of Si, C, and Fe in silica-iron oxide NPs (a-c) and the 

merged (d) image suggesting a surface functionalization of aminopropyl groups onto the 

NPs. 

 The mesoporous structure of the particles was then characterized with the 

nitrogen sorption analysis. Figure 2. 7b shows the isotherm of silica-iron oxide NPs and 

the corresponding pore size distribution curve. The nanocomposites displayed a type IV 



70 
 

isotherm,67 which is indicative of the mesoporosity of the material of low porosity. A 

surface area of 167 m2/g for silica-iron oxide NPs was derived from the Brunner–Emmett–

Teller (BET) theory. Given the high content of iron oxide, it worth noting that this would 

correspond to about 330 m2/g with the density of pure silica. The presence of magnetic 

particles incorporated into the siliceous matrix increased the average Barrett–Joyner–

Halenda (BJH) pore size ranging from 2.2 nm in MSN to 20-60 nm in the nanocomposites 

(Figure 2. 7b, inset).  

 The biodegradability of silica-iron oxide nanovectors was then investigated in bio-

relevant conditions. Inspired by two recent studies on iron-doped silica NPs which 

preferentially degraded in protein-containing media,68-69 we compared the stability of 

silica-iron oxide nanocomposites in deionized water and in fetal bovine serum (FBS) 

(Figure 2. 12a).  

Figure 2. 12. Representation of the degradability of large-pore silica-iron oxide NPs in 

water and in FBS (a). TEM images of the nanovectors before (b) and after three days of 

dispersion in water (c) or in FBS (d), and the corresponding DLS analyses (e-g). 
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The nanomaterial was incubated at 37 °C for three days and then analyzed by TEM 

and DLS (Figure 2. 12b-g). The structure silica-iron oxide NPs remained intact in water 

after three days, and the aggregation of the carriers was observed by TEM and confirmed 

by DLS data (Figure 2. 12c,f). On the other hand, when the particles were dispersed in FBS, 

which contains transferrin proteins, the collapse of the structure and the formation of 

fragments of HD below 50 nm occurred (Figure 2. 12d,g). This drastic difference is 

attributed to the high binding constant of transferrin proteins with iron centers (~1020), 

which led to an increase of the porosity in the silica by forming “defects” which in turn 

accelerated the silica dissolution. 

 It is noteworthy that, silica-iron oxide interfaces necessarily involved lower 

degrees of silica condensation, leading to more hydro-reactive surfaces which also 

promoted the degradation of the nanocarriers. The high content of iron oxide in the silica 

framework thus produced the first biodegradable large-pore mesoporous silica 

nanohybrid which is essential for safe biomedical applications and potential clinical 

translation.  

We validated the protein-mediated degradation mechanism with the evaluation 

the particle degradation in various media such as PBS and deionized water with or without 

transferrin proteins and carbonates ligands (see truth Table 2. 1 and TEM micrographs in 

Figure 2. 13). The degradation did not occur after three days in media containing only 

transferrin proteins or only carbonates which chelate iron ions. However, it was observed 

that NPs significantly disassembled in PBS with both transferrin and NaHCO3, and partially 



72 
 

degraded in deionized water with both transferrin, and NaHCO3. The combination of 

transferrin and carbonates was previously reported to enhance the chelating properties 

of transferrin, which in this case suggested that the chelating ability of carbonates may 

cause the removal iron centers from transferrin, thus allowing the transferrin to further 

remove iron centers from the silica-iron NPs. The higher degradation in the PBS containing 

transferrin and NaHCO3 also suggested that the other ions or the ionic strength have a 

significant role on the degradation kinetics.  

Table 2. 1. Truth table of the silica-iron oxide nanovector degradation in various media. 

 

Degradation “Result” column: None (N), Partial (P), and Effective (E). 
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Figure 2. 13. TEM micrographs of silica-iron oxide nanovector degradation in various 

media. Samples one to eight refer to experiments listed in table 2. 1. 
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 The potential of the nanocomposite vectors for magnetically-actuated biomedical 

applications was also studied. The magnetic properties of the NPs were first measured by 

using a superconducting quantum interface device (SQUID) magnetometer. As shown in 

Figure 2. 14, the NPs exhibited a superparamagnetic behavior70 with a saturation 

magnetization value of 1.65 emu/g at 10 000 Oe and 300 K.  

 

Figure 2. 14. Magnetization curve of silica-iron oxide nanocomposites at 300 K (a). 

Determination of relaxivity r2 at 9.25 MHz (b). Photographs of a dispersion of silica-iron 

oxide nanocomposites after 0 and 10 minutes with a magnet. 

 The r2 relaxivity was determined at 500 MHz to be of 44 mM-1s-1 (Figure 2. 14b). 

The magnetothermal actuation of the nanovector was demonstrated by the temperature-

time curves of the NP suspensions with the various particle concentrations under an 

alternative magnetic field (AMF) of 425 kHz (Figure 2. 14). Higher particle concentrations 

resulted in greater temperature elevations. The magnetic properties of the NPs were also 

visualized by placing a magnet close to a dispersion of the magnetic nanovectors (Figure 

2. 14c). Hence, the nanovectors could potentially be used to magnetically actuate 



75 
 

diagnosis and therapeutic applications, such as magnetic resonance imaging (MRI), 

hyperthermia, and magnetically-actuated release of cargos. 

 

Figure 2. 15. Temperature-Time curves of nanovectors at different particle 

concentrations under an alternative magnetic field of 425 kHz. 

 The release of large proteins from the hybrid nanovectors in solutions was then 

monitored upon pH and magnetic actuations. Ferritin proteins (450 kDa) have a 

theoretical outer diameter of 12 nm.71 Alexa-Ferritin (453 kDa, HD ~ 16 nm, pI 5.56) and 

mTFP-Ferritin (~534 kDa, HD ~ 20 nm, pI 6.33) model large proteins were selected to 

demonstrate the proof of principle of the delivery of large cargos requiring a nanocarrier 

approach. The amination of the large pore nanovectors allowed the electrostatic 
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attachment of both proteins in aqueous solution. The successful loading of proteins was 

demonstrated by an array of analyses. Following loading the NPs with mTFP-Ferritin or 

Alexa-Ferritin protein, zeta potentials decreased from +33 mV to +23 mV and +27 mV, 

respectively, consistently with the slightly negative charges (-3 to -1 mV) of the proteins 

(Figure 2. 16).  
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Figure 2. 16. Zeta potential of bare, mTFP-Ferritin and aminopropyl-functionalized silica-

iron oxide nanocomposites loaded with mTFP-Ferritin (a) ferritin and aminopropyl-

functionalized silica-iron oxide nanocomposites loaded with Alexa-Ferritin (b). 
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 The absorption peaks of Ferritin proteins and their conjugate fluorophores also 

appeared in the spectra of protein-loaded silica-iron oxide nanocomposites, indicating 

the successful loadings (Figure 2. 17). 

 

Figure 2. 17. UV spectrum of silica-iron oxide nanocomposites (a) mTFP-Ferritin (b) Alexa-

Ferritin (c) silica-iron oxide nanocomposites loaded with mTFP-Ferritin (d) and silica-iron 

oxide nanocomposites loaded with ferritin (e) . 
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 STEM-EELS also validated the protein loading by elemental analysis (Figure 2. 18) 

and the quantification of Si, O, C, and Fe elements before and after loading, which 

followed the expected trend of the decrease of the Si and Fe percentages associated with 

the carrier, and the increase of the C and O percentages consistent with the additional 

atoms of the proteins (Figure 2. 18). 

 

Figure 2. 18. Elemental mapping of silica-iron oxide-mTPF-Ferritin NPs from the spectrum 

image, supporting the protein loading of the NPs. 
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Figure 2. 19. The composition of silica-iron oxide-propylamine (blue) and silica-iron oxide-

propylamine-Ferritin NPs (red) determined with TEM-EELS elemental mappings. 

 The protein payloads were calculated according to the Beer-Lambert law and UV 

absorbance measurements, and high loadings were obtained (227 mg Alexa-Ferritin/g 

NPs; 140 mg mTFP-Ferritin/g NPs). Since it was proposed that the protein attachment was 

mainly governed by electrostatic interactions, one hypothesis would be that the release 

of proteins could be actuated at a lower pH. The mTFP-Ferritin-loaded nanovectors were 

thus dispersed in water at physiological pH in PBS (pH 7.4) and then the pH was adjusted 

with HCl aliquots to pH 5.0 to mimic the lysosome, and pH 6.5 to mimic the tumor 

microenvironment, then the protein releases were monitored by a 

fluorospectrophotometer. Successfully, the rapid release of large proteins occurred 
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efficiently at pH 5 (Figure 2. 20a, c). In physiological conditions (pH 7.4), however, only a 

negligible amount of mTFP-Ferritin leaked from the NPs thanks to the electrostatic 

interactions between the protein and surface of the pore of the silica-iron oxide-

propylamine NPs which could thus act as protective nanocarriers. The same results were 

obtained for Alexa-Ferritin-loaded NPs (Figure 2. 21). Note that, the release of mTFP-

Ferritin could also be triggered at pH 6.5 due to its pI of 6.33 (Figure 2. 22). 

 

Figure 2. 20. Representation of the pH-triggered (a) and magnetically-triggered (b) release 

of mTFP-proteins from the loaded silica-iron oxide nanocomposites. Release profile of 

mTFP-proteins from the loaded NPs via pH (c) or magnetic actuation (d). Blue rectangles 

indicate the magnetic actuation periods (d). 
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Figure 2. 21. Representation of the pH-triggered (a) and magnetically-triggered (b) release 

of Alexa-Ferritin proteins from the loaded silica-iron oxide nanocomposites. Release 

profile of Alexa-Ferritin proteins from the loaded NPs via pH (c) or magnetic actuation (d). 

Blue rectangles indicate magnetic actuation periods (d). 
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Figure 2. 22. Release profile of mTFP-Ferritin proteins from the loaded silica-iron oxide 

NPs via actuation at pH 6.5 after about 2 h of stability at neutral pH. 

 The magnetic field was used as another stimuli to release the protein cargos 

(Alexa-Ferritin/mTFP-Ferritin) from the silica-iron oxide-propylamine nanovectors. This 

system exhibited the controllable mTFP-Ferritin protein release by switching between the 

on and off modes of the AC magnetic field (Figure 2. 20b, d, see Figure 2. 21b,d for Alexa-

Ferritin). The proposed mechanism for the protein release is based on the conversion of 

the electromagnetic energy into thermal energy by the nanovectors, which in turns 

disrupts the electrostatic interactions between the loaded proteins and the pores of the 

superparamagnetic nanovectors. The protein release was higher and faster when the NPs 

were exposed to the magnetic field at pH 5. Comparing the pH triggered and the 
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magnetically-triggered releases, the latter displayed a full release at pH 5 after only 3 h, 

which was much faster than that without the magnetic field, which occurred after 70 h. 

Importantly, after both the magnetically-actuated and the pH-actuated release of the 

proteins, TEM analyses revealed that the silica-iron oxide nanovectors remained intact 

(data not shown). This suggests that the protein-loaded nanovectors could first achieve 

their biomedical therapeutic application and then be rapidly biodegraded. 

 The delivery of mTFP-protein via silica-iron oxide nanocomposites in HeLa cancer 

cells was then performed. The good biocompatibility of the silica-iron oxide nanovectors 

was first confirmed in HeLa cells (Figure 2. 23). 

 



85 
 

 

Figure 2. 23. Cytotoxicity of HeLa cells incubated with silica-iron oxide nanocomposites 

for 48 h. 

 The loading of large proteins into the hybrid nanovectors was then expected to 

transport the cargos and to deliver them autonomously by the internal pH change 

associated with the lysosomal compartment. Incubating the loaded nanovectors into the 

cells, the delivery of the mTFP-Ferritin proteins was demonstrated by confocal laser 

scanning microscopy (Figure 2. 24). The nuclei were stained by DAPI dyes, the cell 

membranes appeared in red via CellMaskTM, and the green color associated with the 
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fluorescence of mTFP-Ferritin protein was observed in the cytoplasm (Figure 2.24b). The 

same results were obtained for Alexa-Ferritin-loaded NPs (Fig. 2.25).  

 

Figure 2. 24. CLSM images of mTFP-proteins from the loaded silica-iron oxide 

nanocomposites in HeLa cells. Nuclei were stained in blue with DAPI dyes (a), mTFP-

Ferritin protein appear with the green fluorescence (b), cells membranes in red with 

CellMaskTM (c), and merged images (d). 
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Figure 2. 25. CLSM images of Alexa-Ferritin protein loaded into silica-iron oxide NPs in 

HeLa cells. Nuclei were stained in blue with DAPI dyes (a), Alexa-Ferritin protein appears 

with the red fluorescence (b). Bright field images (c, merged in d).  

 In order to confirm the role of the nanovectors, fluorescence-activated cell sorting 

(FACS) was performed on the free mTFP-Ferritin and on the mTFP-Ferritin-loaded 

nanovectors covalently linked with rhodamine X dyes (Figure 2. 27). 
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Figure 2. 26. UV-VIS spectrum of aminated silica-iron oxide nanocomposites labeled with 

rhodamine B dyes. 

 As expected, silica-iron oxide nanovectors allowed the internalization of mTFP-

ferritin into cells, while free mTFP-Ferritin proteins were not internalized (Figure 2.27).  
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Figure 2. 27. Fluorescence cytometry analyses demonstrating that the free mTFP-Ferritin 

proteins do not enter HeLa cells (a), while via the silica-iron oxide nanovectors the 

internalization was observed (b). 

2.5. Conclusion 

 We described a multifunctional biodegradable magnetic hybrid nanovectors 

capable of protecting and delivering large proteins (~534 kDa, HD ~20 nm) into cancer 

cells. The hybrid nanomaterials morphology, composition, and structure were extensively 

studied through various techniques. The unique large cavities of the particles were used 

to electrostatically immobilize high contents of large proteins up to 23 wt%. The loaded 

proteins were stable in neutral conditions and could be released at pH 5 or with a 

reversible ‘on/off’ magnetic actuation. The hybrid nature of the particles combined the 

advantages of both the silica and the iron phases, which were respectively the control of 

the morphology, porosity as well as functionalization, and, the magnetic responsiveness 
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which could potentially be used for MRI and the magnetically-actuated delivery of large 

cargos. Additionally, synergistic features were found with the combination of the silica 

and the iron phases such as the enhanced biodegradability of the carrier, due to the 

removal of iron centers in physiological conditions and the subsequently accelerated silica 

dissolution. The nanosystem thus provides the proof of concept of the use of mesoporous 

silica-iron oxide nanocomposites for the delivery of large cargos with a biodegradable 

nanovector for the next generation of biomedical applications. 
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CHAPTER 3 

Impact of Pore-walls Ligand Assembly on the Biodegradation of Mesoporous 

Organosilica Nanoparticles for Controlled Drug Delivery 

Haneen Omar et al. ACS Omega, 3 (2018) 5195–5201 

3.1 Introduction 

Controlling periodicity in hybrid porous structures has bestowed infinite practical 

utilities especially in the fields of separation, encapsulation, and catalysis.1-3 The 

crystalline features of molecularly ordered hybrid structures such as metal-organic 

frameworks (MOFs), made these materials quite superior to their amorphous 

counterparts.4 Periodic mesoporous organosilica (PMOs) are a class of inorganic-organic 

hybrid porous materials that have crystal-like pore walls with structural periodicity. It is 

synthesized by direct condensation of bridged organosilanes precursor (R′O)3Si–R–

Si(OR′)3 where R is the organic bridging group. 5-8 Inagaki et al reported the first periodic 

organosilica with lamellar ordered pore walls employing a benzene organic bridge.9 

Supramolecular structures formed by self-directed assembly in trans or cis isomers of 

azobenzene has also been reported.10-13 More recently, hydrogen bonding in cyclohexane 

triamide caused a new type of molecular-scale ordering within the pore wall, which 

improved the guest loading efficiency in these hybrid structures.5 Engineering ordered 

porous structures employing non-covalent interactions rather than metal coordination is 

quite intriguing as it can produce a new generation of hierarchical and dynamic porous 

structures especially for biomedical applications.14  
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 Many degradable PMOs have been designed that can be triggered by light,14 

enzyme (GTH, Trypsin),15-16 pH,17 and electrostatic interaction 18 to controllably release 

the theraputic cargo. Moreover, loading  guest organic molecules in the pores does not 

need a capping agent due to hydrophobic interaction between the guest and the organic 

pore wall.19  Enzymatic triggers are highly thought after due to their selectivity and site 

specificity.20-21 The Azo-bond is an interesting moiety to employ in a biodegradable drug 

delivery system as it reductively cleave in the presence of azoreductase.22-25 Moreover, 

this bond could be effectively cleaved by one-electron reduction which is applicable only 

under hypoxia conditions.26-29 In addition, azoreductase was used as a trigger to  visulize  

specifically  lysosomes in hypoxic cancer cells.30 Many drug delivery systems were 

reported using this building block as a trigger such as MOFs,31 polymeric vessicles32 and 

hydrogels.33  

3.2 Design 

In this work, we study the influence of ligands self-assembly on the biodegrdation 

of mesoporous organosilica nanoparticles for on-demand drug delivery. Azobenzene 

linkers (AZO) were condensed with aromatic benzene (B) or aliphatic ethane (E) bridging 

groups to prepare the hybrid frameworks AZO-B and AZO-E, respectively (Figure 3. 1).  
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Figure 3. 1. TEM and schematic illustration of a) AZO-B and b) AZO-E pore wall. 

Investigating the ligand packing on both frameworks showed that AZO-B afforded 

a framework with a compact pore wall compared to AZO-E. Interestingly, AZO-B showed 

a faster biodegradation than AZO-E in-vitro and in-vivo. We expect that other hybrid 

structures can be produced in a similar fashion to tailor pore wall chemistry and enable 

the preparation of soft hybrid frameworks with site-specific conjugation and degradation. 
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3.3 Experimental Section 

3.3.1 Materials 

Cetyltrimethylammonium bromide (CTAB), 1,4-bis(triethoxysilyl)benzene, 1,2-

bis(trimethoxysilyl)ethane, 4-nitrobenzoic acid, glucose, thionyl chloride, tetrahydrofuran 

(Anhydrous, ≥99.9% (Dry THF), trimethylamine (TEA), 3-aminopropyltriethoxysilane 

(APTES) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) and phosphate 

buffered saline (PBS (10X), pH 7.4) were purchased from Fisher. Milli-Q water was used 

in all synthetic experiments. All chemicals were used without further purification. 

Colorectal carcinoma cell line (HCT-116) was obtained from American Type Culture 

Collection (ATCC, USA). Fetal bovine serum (FBS), Eagle’s MEM medium (EMEM) and 

penicillin-streptomycin antibiotic were purchased from Invitrogen (USA). Cell Counting 

Kit-8 assay (CCK-8) was purchased from Sigma-Aldrich (USA). Freshly fertilized chicken 

eggs were purchased from McIntyre Farms (Lakeside, CA) and incubated in the HovaBator 

Genesis 1588 Egg Incubator (Incubator Warehouse). Teflon O-Rings (010 PTFE) were 

purchased from the O-Ring Store. 3M Tegaderm™ transparent dressing was purchased 

from Moore Medical. The Dremel 7700-1/15 MultiPro 7.2-Volt Cordless Rotary Tool Kit 

was used to make holes in the eggshell. RPMI 1640 culture medium, fetal bovine serum, 

penicillin/streptomycin, and Trypsin/EDTA were purchased from Life Sciences. 

3.3.2 Methods: Synthesis and Characterization  

Powder XRD measurements were performed using a Panalytical X’Pert Pro X-ray 

powder diffractometer using the Cu Kα radiation (40 V, 40 mA, λ = 1.54056 Å) in a θ – θ 



106 
 

mode from 20 ° to 90 ° (2 θ). Transition electron microscopy (TEM) images, electron 

energy loss spectroscopy (EELS) and energy dispersive x-ray spectroscopy (EDX) were 

recorded using a Technai 12 T (FEI Co.) microscope operated at 120 kV. The GIF was used 

in EELS mode in conjunction with HAADF-STEM. Nitrogen adsorption-desorption 

isotherms were acquired using a Micromeritics ASAP 2420 instrument. 1H NMR and 13C 

NMR spectra were performed at 500 MHz with CDCl3 solutions with an Avance III Bruker 

Corporation instrument. For solid NMR spectra were carried out by using a Bruker 400 

MHz AVANACIII NMR spectrometer (resonating at 100.64 MHz for 13C and 79.514 MHz for 

29Si) equipped with double resonance 4 mm Bruker MAS probe (BrukerBioSpin, 

Rheinstetten, Germany). To be able to spin the samples were finely ground then packed 

evenly into 4mm zirconia rotor and sealed at the open end with a Vespel cap. The 29Si 

spectra were recorded with 14 kHz spinning rate using one pulse pulse program from 

Bruker standard pulse library with 30 degrees flipping angle with recycle delay time of 30 

s. The 13C spectra were recorded using cross polarization CP MAS experiments using CP 

pulse program. Each 13C NMR spectrum was recorded by collecting 12 k scans while 29Si 

NMR spectrum was recorded with 4k scans at room temperature. Bruker Topspin 3.2 

software (Bruker BioSpin, Rheinstetten, Germany) was used for data collection and 

analysis. FTIR spectra were recorded using a Thermo Scientific spectrometer (Nicolet 

iS10). Absorption spectra were recorded using a Varian Cary 5000 spectrophotometer, 

and fluorescence data were collected using a Varian Cary Eclipse fluorimeter. 
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Synthesis of E-4,4’-(diazene-1,2-diyl)bis(N-(triethoxysilyl)propyl)benzamide) 

precursor (Azo precursor). The precursor compound was synthesized according to the 

synthetic routes shown in Schemes S 3. 1. NMR spectra of compounds 1 was shown in 

Figures 3.2. 

 

Scheme 3. 1. Synthesis of diazotriethoxysilyl amide. 

A mixture of (237 mg, 0.77 mmol) E-4,4’-(diazene-1,2-diyl) dibenzoyl chloride was 

dissolved in 2 ml of DCM was added to a solution of APTES (0.38 ml, 1.62 mmol) in DCM 

(5 ml) and DIPEA (0.30 ml, 1.70 mmol) at 0°C. After complete addition, the reaction 

mixture was removed from ice and stirred at room temperature for 14 h.  The reaction 

mixture was washed with cold water and extracted with DCM (5 ml ×3) and dried over 

Na2SO4. The crude liquid was purified by column chromatography using ethyl 

acetate/hexane (3:1) as an eluent to yield orange solid (308 mg, 59 %). The product was 

dissolved in absolute ethanol (100 mg/ml) for storage and further usage. 1H NMR (500 

MHz, CDCl3): δ (ppm) 7.98 (d, J = 8.3 Hz, 2H), 7.95 (d, J = 8.1 Hz, 2H), 6.69 (br s, 1H), 3.85 

(m, 12 H), 3.51 (m, 2H), 1.62 (m, 2H), 1.23 (m, 18H), 0.74 (t, J = 9.6 Hz, 2H). 13 C NMR 

(125.7 MHz, CDCl3): δ (ppm) 166.6, 154.0, 137.3, 127.9, 123.3, 58.5, 42.4, 22.9, 18.5, 7.5.  
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Figure 3. 2. a) 1H NMR and b)13C NMR spectra of diazo triethoxysilyl amide 
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Synthesis of AZO-B and AZO-E NPs. A mixture of CTAB (250 mg, 0.68 mmol), 

distilled water (120 mL), and sodium hydroxide (875 μL, 2 M) was stirred at 85 °C for 30 

minutes in a 250 mL round bottom flask. Azo precursor (165 μL, 0.20 mmol) was added 

to the solution, followed by 1,4-bis(triethoxysilyl)benzene (400 μL, 1.0 mmol), and the 

condensation process was conducted for two hours at 85 °C. After that, the solution was 

cooled to room temperature while stirring. The sample was then extracted by using an 

ultrasonic bath with an alcoholic solution of ammonium nitrate (6 g L-1) at 45 °C for 30 

min and washed three times with ethanol, water, and ethanol. The as-prepared material 

was dried under vacuum. The synthesis of AZO-E NPs was synthesized as described for 

the AZO-B NPs above with 1,2-bis(trimethoxysilyl)ethane precursor (250 μL, 1.0 mmol) 

instead of 1,4-bis(triethoxysilyl)benzene precursor. 

Nanoparticles Drug Loading. AZO-B / AZO-E NPs (1 mg) were mixed with 

doxorubicin (1 mL, 1 mg/mL) and stirred at 210 rpm for three days at room temperature. 

Finally, the resulted mixture was then centrifuged at 14000 rpm for 2 min and washed 

three times with phosphate-buffered saline solution (PBS, pH 7.4). 

Enzymatically-Triggered Drug Release. Doxorubicin-loaded nanoparticles were 

dispersed in a quartz cuvette with a PBS solution (300 µL, pH 7.4) to form a homogeneous 

solution. The particle dispersion was then mixed with azoreductase enzyme (100 µL, 1.0 

mg/mL) and NADPH solution (100 µL, 25 mg/mL), and then the fluorescence spectrum 

was measured. The same procedure was performed for the control sample, but without 

adding azoreductaze enzyme and NADPH. 
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Nanoparticles Biodegradability Studies. A mixture of AZO-B/AZO-E NPs (200 µL, 

1.0 mg/mL, pH 7.4) azoreductaze enzyme (200 µL, 1.0 mg/mL) and NADPH (200 µL, 25 

mg/mL) was stirred for one days at 37 °C in a centrifuge tube. Then, aliquots were directly 

taken to perform TEM images. 

Cell Culture. HCT-116 cells were cultured in EMEM media supplemented with 10% 

fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a 5% CO2 humidified 

atmosphere. After cell detachment, the cell suspension was centrifuged, and the pallet 

was collected, and cells were counted for further plating. Cells were seeded in 96 well 

plates at a density of 7 × 103 /well. After 24h, cells were treated with different 

concentrations of (AZO-B/ AZO-E NPs) for 24h at 37 °C. Then, 100 μL of CCK8 solution in 

MEM media was added to each well after washing and incubated for 4h in darkness. The 

absorbance values were measured at 590 nm using the xMark™ microplate absorbance 

spectrophotometer. 

Drug Release in HCT-116 cells by Confocal Microscopy (CLSM). HCT cells were 

seeded on coverslips placed in two 6 well plates and cultured in DMEM supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin at 37 °C in a 5% CO2 

humidified atmosphere. AZO-B/ AZO-E NPs were incubated with cells in both plates at a 

final concentration of 10 μg/ml. After 14h transfection, cells were washed three times 

with DPBS buffer. One plate was then treated under hypoxia for 1h; the oxygen liquid 

dissolved was depleted in a sealed system using 2 U/ml of glucose oxidase and 120 U/ml 

of catalase in culture media. The second plate was used as control under normal condition 
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(at 37 °C in a 5% CO2). Nuclei were stained with Hoechst 33342 according to the 

manufacturer’s instructions. Cells were then washed again and fixed with 4% 

paraformaldehyde before imaged by upright CLSM.  

Preparation of Tumors in Chicken Eggs. OVCAR-8 cells, an ovarian carcinoma cell 

line, are maintained at 37°C and 5% CO2 in a tissue culture incubator. These cells are 

infected with lentivirus to express GFP. Medium for the OVCAR-8 cells is RPMI 1640 

medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells 

were passaged using 0.25% trypsin every two days. Freshly fertilized chicken eggs are 

incubated at 100 0F and 60% humidity. On day 10 of development, the chorioallantoic 

membrane (CAM) is dropped to make a window on the eggshell.34-35 A Teflon ring is put 

onto the CAM membrane which is then gently abraded with a stirring rod. 2x106 OVCAR-

8 ovarian cancer cells are grafted into the ring, then the window is sealed with Tegaderm 

film, and the eggs are incubated.36-38 

Nanoparticle Injection. Three days after cancer cell inoculation, established 

tumors are around 5 mm in diameter. Blood vessels of CAM membrane are easily 

observed through the shell and marked. One small square window in the eggshell is made 

over the marked blood vessel. This is done so as not to rupture the blood vessel. 100 µl 

solution containing 1 mg NPs is injected into the blood vessel through a small window. 

Tumor size and green fluorescence are monitored daily. 
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3.4 Results and Discussion 

Polycondensation of diazobenzene-triethoxysilyl amide (165 μL, 0.20 mmol ) 

under basic conditions with benzene (400 μL, 1.0 mmol ) or ethane-modified silanes (250 

μL, 1.0 mmol ) followed by extraction with an alcoholic solution of ammonium nitrate (6 

g L-1) and drying overnight afforded nanoparticles (NPs) AZO-B and AZO-E respectively. 

Azobenzene may form multiple non-covalent interactions depending on the neighboring 

molecules, and the dynamic nature of the azo bond makes it more susceptible to 

degradation.39 Increasing the percentage of azobenzene beyond 15% afforded bulk 

samples at the micro scale with a more complex pore wall packing. The AZO linker 1 was 

prepared following scheme S1 and fully characterized using 1H and 13C NMR (Figure 3.2).  

The transmission electron microscopy (TEM) images of AZO-B and AZO-E reveal 

well-ordered arrangements of mesoscopically ordered pores with hexagonal symmetry 

(Figure 3. 3a, 3. 3 b and Figure 3. 4 a, 3. 4b, respectively). The chemical composition of 

AZO-B and AZO-E NPs was confirmed by scanning transmission electron microscopy 

(STEM) combined with electron energy loss spectroscopy (EELS) and energy dispersive X-

ray spectroscopy (EDX) (Figure 3. 3h, 3. 3i and Figure 3. 4h, 3. 4i respectively). The STEM-

EELS validated the homogeneous distribution of azo precursor within AZO-B and AZO-E 

frameworks by the elemental mappings of silicon, oxygen, nitrogen, and carbon (Figure 

3. 3c-g and Figure 3. 4c-g, respectively). EDX spectroscopy also confirmed the presence of 

silicon, oxygen, carbon, and nitrogen elements (Figure 3. 3i and Figure 3. 4i, respectively). 
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Figure 3. 3. a) and b) TEM images of AZO-B at different resolutions. c) STEM image and 

(d-g) Elemental mapping of AZO-B. h) Electron energy loss spectroscopy (EELS) of AZO-B. 

i) Energy Dispersive X-ray Spectroscopy (EDX) of AZO-B nanoparticles. 
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Figure 3. 3. a) and b) TEM images of AZO-E at different resolutions. c) STEM image and (d-

g) Elemental mapping of AZO-E. h) Electron energy loss spectroscopy (EELS) of AZO-E. i) 

Energy Dispersive X-ray Spectroscopy (EDX) of AZO-E nanoparticles.  
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FT-IR spectroscopy verified the successful incorporation of AZO in the framework 

of AZO-B where the characteristic peaks of silica (νSi-O (1090 to 1125 cm -1))40 and the νC-H 

and νSi-C stretching vibration modes of the benzene group at 3070 and 1162 cm -1 were 

observed (Figure 3. 5).41 The vibrational spectra of azobenzene were detected in the 

1650–900 cm-1 region42 and the out of plane aromatic δ Csp2-H bending was detected at 

534 cm -1 (Figure 3. 5). Similarly, FT-IR of AZO-E showed the ethane modes νSi–C and 

aliphatic νC-H at 1162 and 2908 cm -1 and the δCsp2-H at 918 cm -1.43  Along with the 

stretching mode of νSi-O from 1090 to 1125 cm -1 (Figure 3. 5).43  
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Figure 3. 4. FT-IR spectra of AZO-B and AZO-E. 

Solid-state 13C and 29Si magic angle spinning (MAS) NMR measurements of AZO-B 

showed a successful incorporation of organic moieties into the mesostructured NPs with 

a degree of condensation of ca. 70 % (Figure 3. 6a). The NMR spectrum of AZO-B shows 

the peaks at −59, −68 and −77 ppm, corresponding to T1(CSi(OSi)(OH)2), T2(CSi(OSi)2(OH)) 

and T3(CSi(OSi)3), respectively, in addition to a small peak at -108 ppm attributable to 

Q4(Si(OSi)4), suggesting that the condensation has proceeded.44 The 13C NMR spectrum 

was dominated by a peak at 135 ppm, which corresponds to the superposition of 
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unresolved signals from o- and m-carbons in the phenylene ring (Figure 3. 6).44 There were 

two additional peaks at 30 and 53 ppm, which were assigned to aliphatic groups (Si-O-

CH2CH3). The 29Si MAS NMR spectra of AZO-E exhibited two resonances with a degree of 

condensation of ca. 84% (Figure 3. 6a). The first resonance (−71.6 ppm) was attributed to 

T2(CSi(OSi)2(OH)), a partially condensed silica species with one hydroxyl group and the 

other (−80.7 ppm) was assigned to T3(CSi(OSi)3), a fully condensed silicon with three 

siloxane bonds.44 Virtually, no peak was detected for SiO4 species (Si sites attached to four 

oxygen atom Qn, n = 1−4) between −98 and −111 ppm, indicating essentially no evidence 

for Si−C bond cleavage during the sol−gel processing and synthesis.45 The 13C MAS NMR 

spectrum showed the presence of a signal at 5 ppm (Figure3. 6b). This is due to the 

−CH2−CH2− groups covalently linked to two Si atoms.46-47  

 

Figure 3. 5. a) 29Si MAS spectra and b) 13C CP/MAS NMR spectra of AZO-B and AZO-E. 

XRD analysis was preformed to study the structure arrangement and phase purity 

of the AZO NPs. The low angle XRD patterns for AZO-B and AZO-E show dominant 
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diffraction peaks (100) at 2θ= 2.2 with a spacing of d= 4.02 nm and 2θ= 1.74 with a spacing 

of d= 5.08 nm, indicating a two-dimensional hexagonal symmetry (p6mm) of the materials 

(Figure 3).48 The corresponding lattice constants of the (100) reflection were found to be 

4.65 nm for AZO-B and 5.87 nm for AZO-E, which support the mesoscale-periodicity of 

the NPs.9, 48 AZO-B low angle XRD spectrum shows two additional diffraction peaks, which 

can be indexed as (110) and (200) reflections as shown in figure 3. 7a. The high angle XRD 

patterns of AZO-B displayed additional three diffraction peaks at 2θ= 11.6°, 23.4° and 

35.4° which equates to d= 0.76, 0.38, and 0.25 nm, respectively (Figure 3. 7b).  

 

Figure 3. 6. a) Low and b) high angle XRD patterns of AZO-B and AZO-E samples. 

Nitrogen adsorption-desorption of AZO-B and AZO-E showed type I and IV 

isotherms, which is characteristic of a mesoporous material (Figure 3. 8).49 Structural 

information on both systems is listed in Table 2. The AZO-B specific surface area, pore 

volume, and pore size were 1211 m2/g, 0.84 cm3/g, and 1.6 nm, respectively. The AZO-E 

shows an increase in the pore size to 2.7 nm, but the specific surface area and pore 

volume are comparable to AZO-B (1190 m2/g and 0.85 cm3/g, respectively). These results 
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suggest that the AZO linker play a significant role in controlling the pore size of the NPs. 

The pore size distribution of the materials was obtained by the Barrett- Joyner- Halenda 

(BJH) method.50 Both samples have uniform pore size distributions with a dominant peak 

center at 1.6 nm for AZO-B and 2.7 nm for AZO-E, which is in agreement with the pore 

dimensions estimated from the HRTEM images. The measured pore width by TEM was 

about 2–3 nm, which is in good agreement with the nitrogen isotherm results. 

 

Figure 3. 7. a) N2 adsorption/desorption isotherms and b) pore size distribution curves of 

AZO-B and AZO-E. 

Table 3.2. Structural Properties of the NPs. 
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Biodegradation of nanoparticles has recently become a hot research topic due to 

the impact of these lingering nanoplatforms on the environment and general health. 

Hundreds of nanoformulations exist in the market predominantly in the personal care and 

cosmetics industry. Crystallinity and order in these systems have proved crucial for their 

toxicity and consequently intended use.51 Targeted drug delivery is also an important 

application of enzymatically degradable nanoparticles.52 We thus tested the 

biodegradation of AZO-B and AZO-E to verify the effect on decomposition. Mimicking a 

reducing tumor microenvironment, a biological media containing azoreductase enzyme 

in the presence of coenzyme NADPH was used in this study. Azoreductase can reductively 

cleave the azo-bond and has been used enormously in colon-specific drug delivery 

systems such as a prodrug sulfasalazine.53-60 The biodegradation of AZO-B and AZO-E in 

azoreductase enzyme was monitored by TEM over a period of 24 hrs (Figure 3. 9). 

Interestingly, AZO-B degraded faster than AZO-E, which may be attributed to the 

relatively smaller pores. Although such assemblies are considered more stable, the close 

proximity of bonds interacting with the active site of the azoreductase enzyme might be 

enhancing the rate of biodegradation.  
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Figure 3. 8. TEM images of a) AZO-B and b) AZO-E before and after degradation in 

azoreductaze enzyme in the presence of NADPH for 3h and 24h. 

We then tested biocompatibility and the utility of such system in targeted drug 

delivery. Colon cancer cells, HCT-116 cells, were used for all in-vitro testings. Both AZO-B 

and AZO-E exhibit no significant cytotoxicity against HCT-116 cells at a high concentration 

of 100 μg/mL (Figure 3. 10). However, AZO-E showed a safer profile where 95% of the 

cells were viable at a nanoparticle concentration of 100 μg/mL compared to 60% when 

AZO-B was used.  
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Figure 3. 9. Cell viability in colon cancer (HCT-116) cells of AZO-B and AZO-E. 

Both systems were then loaded with the anticancer drug doxorubicin (DOX) and 

tested in physiological media before in vitro incubation with HCT-116 cells. The release 

experiments were carried out in the presence and absence of azoreductase enzyme and 

NADPH coenzyme. Figure 3. 11a shows that DOX release was initiated by the presence of 

azoreductase enzyme. A negligible amount of DOX was release in the absence of the 

enzyme, and the system was not leaking as can be concluded from the release profile 

(Figure 3. 11a). DOX was efficiently loaded in AZO-NPs and incubation of AZO-B, and AZO-

E with HCT-116 cells showed efficient uptake and delivery of DOX into cancer cells under 

hypoxic conditions (Figure 3. 11b). Confocal laser scanning microscopic (CLSM) images 
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showed an increase in red fluorescence of DOX molecules when AZO- NPs are used, which 

is in agreement with the drug release profile that showed a higher drug release profile for 

AZO-B compared to AZO-E. 

 

Figure 3. 10. a) DOX release profiles of AZO-B and AZO-E in the absence and presence of 

azoreductase enzyme. b) CLSM images of HCT-116 cells incubated with DOX loaded AZO-

B and AZO-E under hypoxia for one hour. Nuclei are stained in blue with Hoechst 33342 

dye, NPs appear with the green fluorescence (FITC) and DOX fluorescence in cells (red).  
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 Furthermore, 3D intracellular fluorescence reconstruction of the uptake and 

delivery is presented in Figure 3 .12. As a control, AZO-B and AZO-E were incubated with 

HCT-116 cells in absence non- hypoxic conditions and showed no drug release due to a 

negligible amounts of nanoparticles degradation.  

 

Figure 3. 11. a) and b) 2D and 3D confocal images of HCT-116 cells incubated with DOX 

loaded AZO-B and AZO-E NPs under hypoxia for one hour.  Nuclei are stained in blue with 

Hoechst 33342 dye, PMO NPs appear with the green fluorescence (FITC) and DOX 

fluorescence in cells (red). 
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Chicken embryos were transplanted with OVCAR-8 ovarian cancer cells expressing 

green fluorescent protein (GFP). Loaded NPs with DOX were injected into the blood 

vessels followed by daily monitoring of tumor sizes relative to controls. Figure 3. 13 shows 

that the injection of drug-loaded nanoparticles has potent antitumor activity without any 

other toxic effects on organs. Administration of NPs loaded with DOX results in a dramatic 

tumor shrinkage relative to control over time. AZO-B showed a drastic decrease in tumor 

size just after two days of injection compared to AZO-E while safely retaining the function 

of all other organs. 

 

Figure 3. 12. a) Actual and b) visible light fluorescence images of chicken egg tumor 

transplanted with OVCAR-8 cells before and after injection with DOX loaded AZO-B and 

AZO-E. 
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3.5 Conclusions 

Studying pore wall packing will lead to interesting hybrid platforms that can be smart 

in nature. This molecular scale ordering will drastically influence the properties of these 

frameworks. Engineering materials to have a different pore size is well established. 

However, we need to investigate the overall properties of these materials especially when 

it comes to stability and responsiveness. In this work, we showed that closer pore packing 

in AZO-B enhanced the enzymatic biodegradation of these hybrid frameworks compared 

to AZO-E. Understanding pore wall packing and assembly of linkers within the space will 

lead to superior porous materials that can make it closer to scale-up and eventual market 

use. 
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CHAPTER 4 

Conclusions and Perspective 

In this dissertation, we engineer the pores of inorganic and hybrid porous 

materials to produce novel stimuli-responsive degradable nanosystems for controlled 

release of cargos in biomedical applications. 

In chapter 2, we report on the design of magnetic silica-iron oxide hybrid 100 nm 

wide nanovectors with pores ranging from 20 to 60 nm in diameter. The aminopropyl 

post-functionalization enabled both the electrostatic immobilization of ≈20 nm large 

proteins (e.g., mTFP–ferritin, ≈534 kDa) in high contents (≈23 wt%), and pH-responsive 

protein delivery. The nanovectors contained homogeneously distributed iron oxide 

crystalline nanophases (48 wt%) within the entire silicon dioxide framework, generating 

magnetic features which were then applied for the magnetically triggered release of 

proteins.  

Moreover, the high content of iron oxide accelerates the dissolution rate of the 

silicon network in the presence of proteins, so that in water the particles remained intact 

after three days, while after the same period in fetal bovine serum (FBS) the particles 

were mostly degraded as sub-10 nm pieces, as demonstrated by TEM and dynamic light 

scattering. 

In chapter 3, we study the impact of pore-walls ligand self-assembly on the 

biodegradation of mesoporous organosilica nanoparticles for drug delivery. The pores of 

organosilica nanoparticles were engineered with stimuli-responsive biodegradable 
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organic linkers (azobenzene linkers) with aromatic benzene or aliphatic ethane bridging 

groups that dictate the formation of porosity. Azobenzene groups physically entangle 

drugs inside the silica mesopores via noncovalent interactions and their delivery can then 

be actuated upon the presence of azoreducatzes enzyme or/and under hypoxia 

conditions. In addition, the dynamic nature of the azo bond make the hybrid frameworks 

more susceptible to degradation. 

Overall, engineering the pore walls of porous materials by metal doped silica 

nanoparticles and the merger of organic and inorganic components in organosilica 

nanoparticles led to the emergence of unique features that could have considerable 

impact on many aspects of life, especially on biomedical applications. 

Future studies may investigate altering the size and shape of the pores within 

organic porous materials (e.g., supramolecular organic frameworks) by using different 

organic molecules with macrocycles which will thus tailor the structural and chemical 

environment of the pores. Accordingly, this will lead to new architectures that could be 

used as shape-selective materials that preferentially retain compounds with specific 

dimensions for biomedical applications. 
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