
 
 

 

 

 

 

ABSTRACT 

Controlled Release Mechanisms for Mesoporous Silica Nanoparticles 

Samantha A. Brokenshire 

Director Dr. Rizalia Klausmeyer, Ph.D. 

 

In recent years, mesoporous silica nanoparticles (MSNPs) have been extensively 
researched for application as a drug delivery method. The nanocarrier’s high surface area 
to volume ratio and ability for the exterior and interior surface to be selectively modified 
has inspired a full array of surface functionalization systems, including controlled release 
mechanisms. Controlled release mechanisms refer to the construction of chemical 
structures that can efficiently restrict and permit the release of medicinal cargo after 
application of a stimulus. Throughout this review, I have given a look into several 
proposed controlled release designs, including dimer photocleavage, snap-top machines, 
nanovalve machines using Cucurbit[n]uril and cyclodextrin rings, azobenzene 
nanoimpellers, and polymeric designs. These designs can be stimulated through a variety 
of triggers including light, pH, heat, reducing agents, enzymatic degradation, or other 
substrate concentration. Each design system offers a unique and promising architecture to 
be used in effective drug delivery. 
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CHAPTER ONE 

Introduction to Nanotechnology and Mesoporous Silica Nanoparticles as drug delivery 
methods 

 

The field of nanotechnology has been the focus of many research groups across a 

large variety of scientific disciplines, from physics to communications to medicine. 

Nanotechnology refers any man-made molecular structures or devices that are sized 

between 5-200 nanometers. Within the past 30 years, nanotechnology has been utilized in 

the development of “nano” drug delivery systems (DDS). Nanomaterials are molded into 

vesicles to hold and deliver drug therapies to their target tissue. Localized delivery of the 

drug therapy cargo is achieved through controlled release mechanisms and attachment of 

organic ligands to the vesicle surface. Prerequisites for an efficient DDS include the 

following: 

1. “The carrier material should be biocompatible. 

2. High loading/encapsulation of desired drug molecules. 

3. Zero premature release, i.e. no leaking, of drug molecules. 

4. Cell type or tissue specificity and site directing ability. 

5. Controlled release of drug molecules with a proper rate of release to achieve 

and effective local concentration.”1 

This thesis will review the developing nanotechnologies that can be used for drug 

delivery, while focusing primarily on the particular platform, mesoporous silica 

nanoparticles. The majority of this review will consist of descriptions of the various 

                                                            
1 I. Slowing, J. Vivero-Escoto, C. Wu and V. Lin, Mesoporous silica nanoparticles as controlled release 
drug delivery and gene transfection carriers, Adv Drug Deliv Rev, 2008, 60, 1278-1288. 
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capping methods that can be used to accomplish these prerequisites for this an efficient 

DDS.  

 
Overview of Nanoparticles as a drug delivery platform 

 
Nanoparticles have been preferred over alternative DDS technologies because 

their small size, improved solubility, biodegradability, and customizable surface. The size 

of nanoparticles shows tremendous improvement over microparticles (>1 µm) due to a 

decreased probability of clotting. The smallest capillaries in the body have a diameter of 

about 5 µm and therefore particles must both be significantly smaller than this and show 

no potential of aggregating to prevent the formation of an embolism in the body. 

Additionally, the size of nanoparticles allows the material to escape from the endothelium 

of blood vessels and intestinal cells and show increased cellular uptake when compared 

to microparticles.2 Additionally, some nanoparticles have been shown to be able to cross 

the blood brain barrier.3 Nanoparticle drug delivery systems have been utilized 

extensively for cancer therapies, by taking advantage of the permeability of tumor’s 

“leaky” vasculature through the enhanced permeability and retention (EPR) effect.4  

The biodegradability of nanoparticles over other delivery methods helps decrease 

the chance of adverse effects. Most nanoparticles show slow degradation patterns over a 

few weeks. This helps prevent toxic accumulation of nanoparticle components. This slow 

degradation rate can also be utilized for extended release formulations. 

                                                            
2 J. Panyam, D. Williams, A. Dash, D. Leslie-Pelecky, V. Labhasetwar, Solid-state solubility influences 
encapsulatin and release of hydrophobic drugs from PLGA/PLA nanoparticles, J Pharm Sci  93, 1804-
1814. 
3 J. Kreuter et al, Direct evidence that polysorbate-80-coated poly(butylcynoacrylate) nanoparticles deliver 
drugs to the CNS via specific mechanisms requiring prior binding of drug to the nanoparticles, Pharma. 
Res, 20, 409-416. 
4 M. M. Shenoi, N. B. Shah, R.J.Griffin, G.M. Vercellotti and J.C. Bischof, Nanoparticle preconditioning 
for enhanced thermal therapies in cancer, Nanomedicine, 2011, 6, 545.   
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Surface customization allows for the attachment of target specific ligands and 

other molecules. The possibility to adhere hydrophilic polymers to the particle surface, 

such as polyethylene glycol (PEG), helps to minimize opsonization by phagocytes in the 

blood and greatly increase the half-life of many drugs. 

 
Predecessors and alternatives to Mesoporous Silica Nanoparticles 

 
There are many different nanoparticle drug delivery methods that are currently 

being researched. Some of these methods include hydrogels, micelles, liposomes, 

dendrimers, polymers, carbon nanotubes, quantum dots, gold nanoparticles, iron oxide 

nanoparticles, and nanocells. In this section, I will give a brief overview of some of the 

leading nanocarrier platforms that are being pushed forward through development. Figure 

1 shows a schematic of this advancement through the FDA approval process. These 

alternative platforms tend to suffer from three major disadvantages: (1) unfavorable 

pharmacokinetics and biodistribution that lead to undesirable side effects, (2) short half-

life and premature drug degradation in blood, and (3) low drug efficacy and uptake by 

target tissue.5  
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Chemotherapeutic agents -Doxorubicin, Vincristine and Daunoxome- have been 

approved for use with liposomes as a drug delivery method since the mid-1990s.6 

However, liposomes do not allow for controlled phospholipid transfer and consequently 

there is not usually an effective delivery of drug to the inside of the target cell tissue. 

Studies conducted in vivo also show significant leakage in blood that weakens the 

molecular interactions between liposome phospholipids.7 Liposomes operate passively to 

affect cancer tumors and take advantage of EPR effect to leak through the epithelial 

tissue into the surrounding tumor.8 Lombardi et al. has shown that dual-loaded 

doxorubicin and gemcitabine in PEGylated-liposomes show 7% complete responses and 

17% partial responses in phase II clinical trials.9 Despite being approved by the FDA in 

the min-1990s, liposomes as a drug delivery platform have not made a significant impact 

thus far outside of the delivery of cancer therapies. This can be attributed to their 

biological instability and their lack of specificity in their targets. 

Micelles operate under a similar mechanism as liposomes. A micelle consists of a 

single layer of phospholipids that self-assemble to form spherical complex with a 

hydrophilic exterior and hydrophobic interior. Micelles are utilized over liposomes when 

the guest molecule (the carried drug) is hydrophobic in nature. Micelles are smaller than 

liposomes, with an average diameter ranging from 10 nm to 100 nm and therefore can 

penetrate the leaky vascular of tumors more easily, increasing the EPR effect. However, 

                                                            
6 M. E. Davis, Z. Chen and D. M. Shin, Nanoparticle therapeutics: An emerging treatment modality for 
cancer, Nat Rev Drug Discov, 2008, 7, 771. 
7 N. Maureer, D. B. Fenske and P. R. Cullis, Developments in liposomal drug delivery systems, Expert 
Opin Biol Ther, 2001, 1, 923. 
8 H. Maeda, T. Sawa and T. Konno, Mechanism of tumor-targeted delivery of macromolecular drugs, 
including the EPR effect in solid tumor and clinical overview of the prototype polymeric drug SMANCS, J 
Control Release, 2001, 74, 47-61. 
9 G. Lombardi, F Zustovich, F. Farinati, U. Cillo, A. Vitale, G. Zanues, M. Donach, M. Farina, S. Zovato, 
D. Pastorelli, Pegylated Liposomal Doxorubicin and Gemcitabine in Patients With Advanced 
Hepatocellular Carcinoma, Cancer, 2011, 117, 125-133. 
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this smaller size also decreases the carrying capacity of the DDS. To increase the half-life 

of the micelle, the micelle must be complexed to biocompatible polymers, such as a PEG 

polymer, which decreases opsonization by the host immune system. Micelles have shown 

greater accumulation in tumors than their larger liposomal counterparts. In South Korea, 

the first nanoparticle therapeutic to be approved for cancer treatments came from using a 

polymeric micelle to deliver Genexol-PM. The study shows that in female patients, 

Genoxol-PM showed 2- to 3-fold higher levels in tissues including the liver, kidneys, 

spleen, lungs heart and tumor when compared to standard Taxol treatments10. This 

treatment was only opted for in severe conditions in which the tumor had metastasized 

and extensive delivery is needed to many tissues. Other studies show similar distribution 

with lower overall toxicities than the free drug administration. This technology presents 

the same challenges as liposome-based systems, in that it lacks the time controlled release 

of the carried drug and active target methods.  

 Hydrogel nanoparticles, or polymeric nanogels, as a DDS have made significant 

progress in development. A polymeric nanogel describes a broad class of nanoparticles 

which combine the characteristics of a hydrogel system with nanoparticles. A hydrogel 

system utilizes a structured, three-dimensional polymeric network that is capable of 

“swelling” in solution to hold high amounts of water or biological fluids. This affinity is 

due to the presence of hydrophilic functional groups in the polymer. The structure will 

swell within an aqueous solution, instead of dissolving, due to a system of crosslinking 

between the monomeric structures. The crosslinks can be physical (crystallites or 

entanglements) or chemical (junctions or tie-points) in nature. A typical nanogel system 

                                                            
10 S. C. Kim, D. W. Kim, J. S. Bang, H. S. Oh, S. Wan  Kim, M. H. Seo, In vivo evaluation of polymeric 
micellar paclitaxel formulation: toxicity and efficacy, J Control Release, 2001, 72, 125-133. 
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is 95% water when swollen. Percent hydration can be controlled by the relative percent 

composition of these structures and environment.11  

The main strategy behind nanogel technology relies on trapping the drug of 

interest in the polymer mesh by “(i) physical entanglement, (ii) covalent conjugation to 

either the interior or exterior of the soft nanoparticle, or through (iii) controlled self-

assembly through electrostatic or van der Waals interactions”.12 Nanogels provide more 

control over drug release than micelles and liposomes. The nanosystem can be optimized 

to actively release the carried drug through physical expansion in a specific environment 

through modification of hydrophobicity of polymeric network used, degree of cross-

linking, and size. Passive techniques, similar to liposomes and micelles, can be used to 

release the drug gradually without significant expansion. Active drug release is achieved 

through the swelling of the nanoparticle in response to environmental changes in pH, 

temperature and ionic strength. A change in the acidity of the environment can change 

the functional groups’ ionization states and decrease/increase the swelling interaction 

with the solvent. The temperature can cause a thermal response in the network to increase 

the pores in the hydrogel. A change ionic strength can lead to the solvent competitively 

binding and replacing electrostatic interactions between the drug and the network.13 In a 

study conducted by Bronich and Kabanov, a polymeric nanoparticle made from 

poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMA) conjugated with folic acid 

                                                            
11 N. A. Peppas, A. R.  Khare, Preparation, structure, and diffusional behavior of hydrogels in controlled 
release, Adv Drug Deliv Rev, 1993, 11, 1-35. 
12  Z. Li, J. C. Barnes, A. Bosoy, J. F. Stroddart, J. I. Zink, Mesoporous silica nanoparticles in biomedical 
applications, Chem Soc Rev, 2012, 41, 2590-2605. 
13 Y. Qui, K. Park, Environment-sensitive hydrogels for drug delivery, Adv Drug Deliv Rev, 2001, 53, 321-
339. 
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was used to deliver cisplatin and doxorubicin to tumors for mice in vivo.14 This system 

utilized the folic acid groups to increase specificity and relied on the local decrease in pH 

within a tumor to release the drug.15 Additionally, poly(lactic-co-glycolix acid) (PLGA), 

one of the leading model for this technology, has been approved by the FDA for use.16 

The main issue involved with nanogels is the result of repeated injections which leads to 

a quick and vast amount of optimization as a result by accelerated blood clearance (ABC) 

phenomenon and immunoglobin M response. Further studies are being carried out to 

mediate some of these problems and to increase the circulation half-life and targeted 

delivery.15 

Inorganic nanoparticles offer a more robust, durable material and have become 

the more recent focus over the “soft” nanoparticles described above. The nature of the 

materials allow for greater control over encapsulated drug movement to avoid premature 

release and a larger variety of ways to attach targeting ligands to increase specificity. 

Some examples of leading inorganic nanoparticles include gold nanoparticle (GNP), 

carbon nanotubules (CNT), quantum dots (QD) and iron oxide nanoparticles (IOP). The 

most successful of these models is the GNP system and will the focus of this section. 

Gold nanoparticles can be formed to be solid or hollow and molded into any 

dimension easily. The material possesses an intrinsic SPR absorption of light with a 

wavelength of 520 nm and by changing the dimensions this absorption can be pushed to 

the IR region. This opens up the potential to utilize photothermal-ablation therapy 

                                                            
14 N. V. Nukolova, H. S. Oberoi, S. M. Cohen, A. V. Kabanov and T. K. Bronich, Folate-Decorated 
Nanogels for Targeted Therapy of Ovarian Cancer, Biomaterials, 2011, 32, 5417-5426. 
15 G. B. Demirel, R. Kiltzing, A New Multiresponsive Drug Delivery System using Smart Nanogels, 
ChemPhysChem, 2013, 14, 2833-2840.  
16 N. Kamaly, Z. Xiao, P. M. Valencia, A. F. Radovic-Moreno and O. C. Farokhzad, Targeted polymeric 
therapeutic nanoparticles: Design, development and clinical translation, Chem Soc Rev, 2012, 41, 2971. 
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methods by using light to heat the nanoparticles that have been localized in the tumor to 

kill the cancerous tissues. Additionally, the material used in these nanoparticles have the 

ability to be tracked using MRI after coating with contrast agents. Notably, iron oxide 

nanoparticles do not need any additional coating agents for MRI tracking.  

The surface of GNP can be coated with a variety of materials to increase 

functionalization of the nanoparticle with multiple targeting agents though place-

exchange reactions and multifunctional monolayer coatings. The cargo can be attached to 

the GNP through noncovalent hydrophobic interactions or covalent conjugation.17 The 

release of the cargo from the nanoparticle surface is most often stimulated by light or 

glutathione. Photo-mediated release relies on binding the cargo to the GNP with 

photocleavable moieties, such as the 2-nitobenzyl cage. Glutathione-mediated release 

depends upon the high intracellular thiol concentration (1-10 mM) and low extracellular 

concentration (2 µM) to undergo disulfide exchange reactions that breaks the bond 

formed between the payload and GNP.18    

The biggest drawback for inorganic nanoparticle models is limitations in 

biodegradability and biocompatibility. Heavy metal dissolution of cytotoxic heavy metals 

has been shown to result in toxicity.19 While primates did not show any major 

abnormalities to the administration of QD containing Cadmium, testing 90 days after 

showed the majority of Cd in the dose was present in the liver, spleen and kidney, which 

                                                            
17 C. Park, H. Yuon, H. Kim, T. Noh, Y. H. Kook, E. T. Oh, H. J. Park, C. Kim, Cyclodextrin-covered gold 
nanoparticles for targeted delivery of an anti-cancer drug, J Mater Chem, 2009, 16, 2310-2315.  
18 B. Duncan, C. Kim, V. Rotello, Gold nanoparticle platforms as drug and biomarcomolecule delivery 
systems, J Control Release, 2010, 148, 122-127. 
19 L. Qi, X. Gao, Emerging application of quantum dots for drug delivery and therapy, Expert Opin Drug 
Deliv, 2008, 3,263. 



10 
 

brought the potential of bioaccumulation and toxicity into question.20 CNT has been seen 

to cause toxicity and bioaccumulation in the lungs.21 So far the GNP model has not been 

shown to lead to toxicity, because of the inert nature of Gold. Further clinical trials and 

testing will determine whether there are any secondary levels of toxicity. Some 

researchers have suggested the potential for negative effects due to the similarity between 

nanoparticles and ultrafine particles (UFPs) and the potential for secondary 

cardiovascular effects.22 Further studies have not led to any conclusive evidence on these 

effects thus far.23 

 
Emergence of Mesoporous Silica Nanoparticle Platform 

 
 Since the early 1970’s, silica-based ceramics have been researched for potential 

application in medicine. In 1971, Hench et al. published the first process for forming 

calcia-phosphosilicate glass-ceramics and a theoretical model to use the molecules in 

osteopathic therapies by interfacially binding the substance to bone to promote apatite 

deposition.24 From this study, research in the use of ordered silica-based materials has 

been extensive for the medical practice. Techniques have been developed to scale the 

materials down to be a nanoparticle and to create different derivatives on the initial 

structure. Some examples of alternative silica nanoparticles developed include magnetic 

                                                            
20 L. Ye et al, A pilot study in non-human primates shows no adverse response to intravenous injection of 
quantum dots, Nat Nanotechnol, 2012, 7,453. 
21 C. W. Lam, J. T. James, R. McClusky, S. Arepalli, and R. L. Hunter, A review of carbon nanotubule 
toxicity and assessment of potential occupational and environmental health risks, Crit Rev Toxicol, 2006, 
36,189. 
22 M. R. Gwinn, V. Vallyanthan, Nanoparticles: Health Effects- Pros and Cons, Environ Health Perspect, 
2006, 114, 12, 1818-1825.  
23 A, Nemmar, J. A. Holme, I, Rosas, P. E. Schwarze, E. Alfaro-Moreno, Recent aadvances in particulate 
matter and nanoparticle toxicology: A review of the in vivo and in vitro studies, Biomed Res Int, 2013, 27, 
1, 1-22. 
24 L. L. Hench, R.J. Splinter, W.C. Allen and T. K. Greenlee, Bonding mechanisms at the interface of 
ceramic prosthetic materials,  J Biomed Mater Res, 1971, 2, 117-141. 
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nanospheres, bioglasses, silica glass-ceramics, and star gels that are made from SiO2-

γFe3O2, [SiO4] tetrahedra, crystals embedded in a glassy matrix, and an organic core with 

flexible alkolysilane groups, respectively.25  

The focus of drug delivery research efforts today arose from the ordered 

mesoporous silica nanoparticle (MSNP) model developed in the early 2000s. MSNPs are 

made from controlled arrangement of [SiO4] tetrahedral in the MCM-41 framework to 

create homogenous, ordered arrangements of pores, channels, and cavities.26 These 

nanoparticles can be anywhere from 50 to 300 nm in diameter and have pores with a 

specified diameter and depth. This is especially appealing for a drug delivery method 

because the pores can be optimized for the size of the cargo. 

   
Benefits of the Mesoporous Silica Nanoparticle Platform over Predecessors 

 
 When compared to the nanoparticle systems described before, mesoporous silica 

nanoparticles offer many additional benefits to make it the leading platform for drug 

delivery research. MSNP platform is, in some ways, an intermediary between the organic 

and inorganic nanocarriers. MSNP present the biocompatibility of liposomes, micelles or 

polymeric nanoparticles and the durability and versatility of inorganic nanoparticles. The 

major benefits of mesoporous silica nanoparticles include biocompatibility, morphology 

control, multifunctionalism, and surface functionalism. These qualities sum to give the 

MSNP platform the potential for precise, controlled drug release with zero to minimal 

premature loss of cargo. 

                                                            
25 M. Vallet-Regi, F. Balas, Silica Materials for Medical Applications, Open Biomed Eng J, 2008, 2, 1-9. 
26 M. Vallet-Regi, A. Ramaila, R.P. del Real, J. Pereze-Parietne, A New Property of MCM-41: Drug 
Delivery System, Chem Mater, 2001, 13, 308-311. 
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MSNPs have been shown to be biocompatible in animal studies. Similar to 

conventional, organic nanoparticles, MSNPs gradually decompose in bodily fluids at 

body temperature. In vivo, mice injected with MSNP show the nanoparticle to be 

biocompatible, biodegradable, and bioexcretable.27,28,29 Out of the other silica-based 

nanoparticles, MSNP have significantly lower toxicity levels than high temperature silica 

platforms, such as quartz or fumed silica. The toxicity in these models is due to surface 

reconstruction that occurs due to the presence of strained 2- or 3-member siloxane rings 

that open to yield vicinal silanols.30 MSNPs are made from low temperature synthesis and 

do not form these strained structures. Cytotoxicity reports initially showed severe 

systemic toxicity for mesoporous silicates, where studies documented that intraperitoneal 

and intravenous injections were lethal to mice.31 However, further studies conducted have 

refuted these results by finding that the doses previously used were extremely high and 

toxicity is dependent on MSNP size, shape, surface charge, functional group, and 

composition.30 These more recent reports show that MSNPs do not show signs of 

cytotoxicity up to 100 µg mL-1 for non-modified 100 nm nanoparticles.32 

Morphology control allows the silica platform to be optimally engineered to fit a 

particular system and drug and includes control over the size, shape, pore position and 

stability of the nanocarrier. The MCM-41 framework used to form MSNPs is a porous, 
                                                            
27 H. Meng, M. Xue, T. Xia, Z. Ji, J. I. Zink, A. E. Nel, Use of size and copolymer design feature to 
improve the biodistribution and the enhanced permeability and retention effect of doxorubicin-loaded 
mesoporous silica nanoparticles in a murine xonograft tumor model, ACS Nano, 2011, 5, 4131. 
28  Y. S. Lin, C. L. Haynes, Synthesis and characterization of biocompatible and size-tunable mulitfuctional 
porous silica nanoparticles, Chem Mater, 2009, 21, 3979. 
29 X. He,H, Nie, K. Wang, W. Tan, X. Wu, P. Zhang, In vivo study of Biodistribution and Urinary 
Excretion of surface-modified silica nanoparticles, Anal Chem,  2008, 80, 9597. 
30 H. Zhang et al, Processing pathway dependence of amorphous silica nanoparticle toxicity-collodial 
versus pyrolytic, J Am Chem Soc, 2012, 134, 15790-15804. 
31 S. P. Hudson, R. F. Padera, R. Langer, D. S. Kohane, The Biocompatability of Mesoporous Silicates, 
Biomaterials, 2008, 29, 4045-4055. 
32 J. Lu, Biocompatibilty, Biodistribution, and Drug-Delivery Efficiency of Mesoporous Silica 
Nanoparticles for Cancer Therapy in Animals, Small, 2010, 6, 1794-1805. 
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honeycomb structure that can encapsulate its cargo with empty channels called 

mesopores. The MSNPs possess a higher surface area-to-volume ratio than other 

nanoparticles to allow for additional functionalization and porosity. As noted earlier, the 

MSNP can be made into any shape or size depending on the synthesis conditions used. 

Nanoparticles can be made from 50 to 300 nm and pores can be designed to be between 2 

and 6 nm to load different size cargos.1 Unlike other platforms, MSNPs are able to carry 

a wide variety of drugs. Because of the versatility of silica nanoparticles, the pore surface 

can be engineered to a certain size, depth, and surface charge to accommodate almost all 

types of cargo-namely difficult materials, such as siRNA, plasmid DNA, and many 

anticancer agents.  

Surface functionalization allows the exterior and interior nanocarrier surface to be 

modified through covalent and electrostatic interactions. All of the nanoparticles 

mentioned thus far allow a degree of functionalization, but since MSNP have such a large 

surface area the potential amount of functionalization is much higher. PEG polymers can 

be adhered to the surface to increase the half-life of the nanoparticle in the blood and 

prevent immediate clearance by the reticuloendothelial system.29 Functionalization also 

provides the possibility to attach organic ligands that are recognized by receptors at the 

target site to facilitate receptor-mediated endocytosis of the nanocarrier. 

Multifunctionalism refers to the potential for MSNPs to deliver multiple drugs or 

biomolecules at once. This characteristic is unique to MSNP and can be accomplished 

through attaching drugs to both the surface and pore interior of the nanocarrier. It has 

been shown that siRNA that targets multi-drug resistance genes can be attached to the 

surface of the nanoparticle and a cancer drug, doxorubicin, can be bound to the pore 
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interior separately. 33 When the nanocarrier accumulates in a tumor, the siRNA will 

greatly increase the effectiveness of the medicine by downregulating MDR genes and 

destroy the tumor. Along this same mindset, imaging probes and other diagnostic tools 

have been incorporated into these nanocarriers to study effectiveness in delivery.  

  Overall, the amount of control over morphology, surface functionalization and 

multifunctional capacity in combination with its biocompatibility and stability in vivo 

give MSNP the potential to be the preferred drug delivery method. The next few chapters 

will discuss the nanocarrier’s ability to protect and release its cargo on-demand and 

demonstrate a few methods proposed to optimize delivery for a precise target 

environment. 

 
Synthesis of Mesoporous Silica Nanoparticles 

 
 The synthesis of producing MSNP relies on the utilization of sol-gel chemistry 

and surfactant-templated synthesis. Sol-gel synthesis broadly describes a process that 

uses organosilane precursors which go through hydrolysis and condensation reactions to 

form a substance in the sol phase. The particles within the sol phase will then condense 

into the gel phase. Some common organosilanes include tetramethlorthosilicate (TMOS) 

and tetraethoxysilane (TEOS). The main sol-gel synthesis protocol used for the formation 

of silica nanoparticles (50-2000 nm) is the Stöber process, utilizing TEOS in a water-

alcohol solution.34 The sol-gel reactions are seen in a and b.5  

(a)  Hydrolysis: OH- + Si(OR)4 → Si(OR)3OH + RO- 

(b) Condensation: SiO-
 + Si(OH)4 → Si-O-SI +OH- 

                                                            
33 H. Meng, M. Liong, T. Xia, Z. Li, Z. Ji, J. I. Zink, A. E. Nel, Engineered design of mesoporous silica 
nanoparticles to deliver doxorubicin and P-glycoprotein siRNA to overcome drug resistance in a cancer cell 
line, ACS Nano, 2010, 4, 4539. 
34 W. Stober, A. Fink, and E. Bohn, J Colloid Interface Sci, 1968, 26, 62-69. 
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influences the overall particle size and morphology to be sphere-, rod- or wormlike.36 The 

most extensively researched family of MSNP is the MCM-41 model, which was shown in 

Figure 2.   

 The exterior and interior surfaces of the MCM-41 MSNP can by organically 

functionalized using the co-condensation or post-synthesis grafting method. Post-

synthesis grafting can be carried out with MSNPs with or without the template. The 

surface accessible silanol groups react with alkoxyorganosilanes in an organic solvent 

((AO)3SiR, where A is an alkyl group and R is the desired organic group) to result in the 

formation of an organosilyl group and liberate AOH. When the template is not present, 

modification of the nanoparticle surface can occur on the exterior surface and shallow 

interior surface of the nanopore. Post-synthesis grafting involving template-containing 

MSNPs, involves the simultaneous removal of the template along with the covalent bond 

formation between the organic group and particle. This technique restricts deposition of 

functional groups to the exterior nanoparticle surface. A difficulty found with post-

synthesis grafting is that pore blocking tends to occur and decrease the loading capacity 

of the MSNP.  

To overcome problem, co-condensation method is used. Co-condensation is also 

known as one-pot synthesis and involves using organosilanes with the desired organic 

groups attached. The co-condensation method has been seen to produce modified MSNP 

with a homogeneous spatial distribution of organic functional groups on surface that 

remain intact after the surfactant is removed37. Groups added through co-condensation 

                                                            
36 F. Tang, L. Li, D.Chen, Mesoporous Silica Nanoparticles: Synthesis, Biocompatibility and Drug 
Delivery, Adv Mater, 2012, 24, 1504-1534.  
37 R. Kumar, H. Chen, J. Escoto, V. Lin, M. Pruski, Template Removal and Thermal Stability of 
Organically Functionalized Mesoporous Silica Nanoparticles, Chem Mater, 2006, 18, 4319-4327.  
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methods can be subsequently altered using post-synthetic reactions to tailor the MSNP to 

the cargo, surface functionalization, and capping mechanism of choice.38 Lastly, the 

surface of the MSNP can be altered noncovalently through electrostatic interactions 

between added polymers and the negative surface charge of free SiO groups. 

Overall, these various synthesis schemes allow researchers to optimize a MSNP to 

a specific purpose. The qualities of MSNPs satisfy all of the idea DDS characteristics to 

some extent. The unique flexibility makes the platform modifications essentially limitless 

and is the principle reason behind the varied and vast amount of controlled release 

mechanisms that have been proposed. Subsequent chapters will present the details behind 

many of these techniques that could be applied to a MSNP system for a specific drug 

therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            
38 S. Gu, M. Jaroniec, A new approach to synthesis of periodic mesoporous organosilicas: taking advantage 
of self-assembly and reactivity of organic precursors, J Mater Chem., 2011, 21, 6389.   
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CHAPTER TWO 

Controlled Release System and Capping Mechanisms Utilizing Covalent Interactions for 
Mesoporous Silica Nanoparticles  

 

A major benefit of the MSNP platform involves having the ability for surface 

functionalization to selectively modify the exterior and interior particle surface of the 

silica bead. This can be used to design nanomachines that respond to triggers in the target 

tissue environment to release the loaded cargo. This chapter will focus on the overall 

process of controlled release drug delivery using the MSNP platform. This method 

includes an overview of the loading of medicinal cargo, common environmental triggers 

exploited in the development of nanomachine capping mechanisms, and an in-depth look 

into three controlled release designs.  

 
Loading and Release of Drug Cargo without Controlled Release Capping Mechanism 

 A drug of interest is usually loaded into a drug delivery nanoparticle through 

absorption. Unmodified MSNPs possess silanol groups along the surface. By soaking the 

nanoparticle beads in a drug solution, the cargo molecules bind to the particle surface 

through hydrogen bonding, physical absorption, π-π stacking or electrostatic interactions. 

The extent of binding depends on the cargo structure and the modified MSNP surface. 

The relative particle surface area and pore diameter directly corresponds to the loading 

capacity of the MSNP.39 Most of the drug solution is bound within the MSNP pores, 

where the greatest percent surface area exists, but the drug will attach to the exterior 

                                                            
39 J. Andersson, J. Rosenholm, S. Areva and M. Linden, Mesoporous Silica: An Alternative Diffusion 
Controlled Drug Delivery System, Chem Mater, 2004, 16, 4160-4167. 
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surface of the bead as well. To limit the effects of the cargo found outside of the pores, 

virtually all studies wash the MSNP mixture with buffer solution before experimentation. 

 Leakage refers to the premature release of the drug cargo before reaching the 

target tissue. The overall purpose of controlled release mechanisms is to maximize 

discharge of cargo into target tissue and limit leakage into surrounding tissues. Numerous 

systems can functionalize the MSNP to direct the nanocarrier to the target site efficiently 

and includes, but is not limited to, attaching organic ligands that act as receptors 

expressed by the target site or help avoid immune system detection. Controlled release 

mechanisms are independent of these “targeting” systems and help avoid unwanted 

release of cargo any time before the MSNP reaches the target destination. The importance 

of zero premature release is tremendous. It ensures that the amount of drug reaching the 

target tissue is at therapeutic levels and limits toxicity to other tissues in the body. This is 

vital for the delivery of highly cytotoxic drugs, such as chemotherapeutic medicines.   

Without capping mechanisms, the release of the loaded cargo is depends on the 

diffusion rate of the cargo and characteristics of the surrounding solution. For example, if 

the drug of interest is highly water soluble, the drug would flow from the MSNP into 

aqueous biological materials immediately. Since the drug is not held in the MSNP pore 

beyond the interactions made through absorption, the delivery response of the drug using 

an uncapped-MSNP tends to show a minimal response improvement over the drug 

solution without the MSNP. Therefore, a more sophisticated capping mechanism would 

be required to limit leakage in aqueous material before reaching the target of interest. 

Early studies involving MSNPs focused on using the delivery of hydrophobic drugs, 

particularly chemotherapeutics, which could be contained in a nonaqueous environment 
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within the pore interior and are shielded from the aqueous bloodstream. These drugs are 

typically released through diffusion into the hydrophobic membrane after endocytosis.40 

The use of controlled release mechanisms for these situations provides refinement in 

timing and quantity of payload release. 

 
Gatekeeping and Control of Pore Opening in Controlled Release Mechanisms 

Controlled release mechanisms are based on the idea of chemical “gatekeepers”. 

These “gatekeepers” surround the pores of the MSNP and precisely regulate the location 

and timing of the drug release.41 Most pore capping mechanisms possess two, discrete 

conformations that represent an “on” and “off” positions. “On” position allows for the 

release of loaded cargo from the pore, and “off” position puts a cap over the pore opening 

to restrict the cargo release. The transition from the “off” to “on” conformation can be 

either reversible or irreversible depending on the design of the gatekeeper and can be 

driven by a variety of stimuli.  

Stimuli used to trigger drug release can be either intrinsic or extrinsic to the 

system. The most common extrinsic stimulus is penetrating electromagnetic radiation, 

including ultraviolet light. Intrinsic triggers include pH, temperature, redox control, 

enzymatic reactions, competitive binding, etc.42 These triggers can affect the gatekeeper’s 

structure by inducing changes involving either covalent interaction or noncovalent 

interactions. The rest of the chapter will provide an in-depth look into three controlled 

release capping designs, based on photocleavage, snap-top and ringed snap-top 

                                                            
40 Z. Li, J. C. Barnes, A. Bosoy, J. F. Stroddart, J. I. Zink, Mesoporous silica nanoparticles in biomedical 
applications, Chem Soc Rev, 2012, 41, 2590-2605. 
41 I. Slowing, J. Vivero-Escoto, C. Wu and V. Lin, Mesoporous silica nanoparticles as controlled release 
drug delivery and gene transfection carriers, Adv Drug Deliv Rev, 2008, 60, 1278-1288. 
42 Y. Yang, Towards Biocompatible Nanovalves Based on Mesoporous Silica Nanoparticles, Med Chem 
Commun, 2011, 2, 1033-1049.  
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be about 5.1 g/g. Release of pyrene was seen to increase over time, but the exact amount 

released was not stated.  

Thymine dimerization can also be used in photocleavage controlled release 

designs. In 2012, He et al. published research on a thymine nanogate that formed a dimer 

and was cleaved to the monomers after irradiation with light with wavelengths of 365 nm 

and 240 nm, respectively.47 Results showed that cargo loading could be as high as 53 

µmol/g MSNP and an 82% release within 24 hours and after 5 hours of irradiation.  

Despite showing initial appeal, photo-induced covalent cleavage of dimers has not 

been thoroughly researched as a potential controlled release mechanism for the MSNP 

platform. The major benefits of this design are the ability to apply the stimulus externally 

and to reversibly control the pore opening. If used in combination with imaging systems, 

light stimulus can be applied when the greatest portion of the nanocarriers are at the 

target site to cause highly specific release of cargo. However, research in this design is 

limited to these studies, suggesting limitations in the design. There are only a few 

molecules that can be reversibly cleaved through light. Some of these alternatives were 

tested on nanoparticle processors but were not picked back up with the developing MSNP 

platform.48  

Alternatively, it is important to note that photocleavage has been explored in 

venues outside of reversible dimer cleavage. One such example used photolabile 

monomeric coumarin-based molecules bound to the MSNP surface that released cargo 

                                                            
47 D. He, X. He, J. Cao, and Y. Zhao, A Light-Responsive Reversible Molecule-Gated System Using 
Thymine-Modified Mesoporous Silica Nanoparticles, Langmuir, 2012, 38, 4003-4008.  
48 G. Wirnsberger, B. J. Scott, B. F. Chmelka, G. D. Stucky, Fast Response Photochromic Mesostructures, 
Adv Mater, 2000,12, 1450-1454. 
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One of the first “snap-top” designs proposed arose from Patel et al. with the 

synthesis of a MSNP that contains [2]rotaxane machinery immobilized on the surface. A 

rotaxane is a molecular structure type that includes a beadlike component (macrocycle) 

that is mechanically bound to a dumbbell-like structure by the presence of two, large 

stoppers at the dumbbell ends that have a wider diameter than the ring. The energy 

required for the ring to “slip”, or forcing the bead off the dumbbell stoppers, is above 

ambient temperature.50 In this experiment, the [2]rotaxane includes an α-cyclodextrin (α-

CD) torus that encircles a tri(ethylene glycol) thread and is held in place by a cleavable 

stopper.51 The MSNP surface and cleavable stopper act as the dumbbell stoppers in a 

rotaxane structure to secure the α-CD ring. The synthesis scheme is shown in Figure 4. 

The α-CD torus threads on the tri(ethylene glycol) stalk after incubation at low 

temperatures to hold the luminescent cargo material Rhodamine B within the pore. α-CD 

is a cyclic oligosaccharide containing six α-1,4-linked D-glucopyranosyl residues and is 

biologically benign.52 The cleavage of the stalk and subsequent cargo release is 

controlled by the action of porcine liver esterase (PLE) which cleaves the ester bond 

between the stopper and rest of the thread.  

 

                                                            
50 P. Ashton, I. Baxter, M. Fyfe, F. M. Rayno, N. Spencer, J. F. Stoddart, A. White, D. J. Williams, 
Rotaxane or Pseudorotaxane? That Is the Question, J Am Chem Soc, 1998, 210, 2297-2307.  
51 K. Patel, S. Angelos, W. R. Dichtel, A. Coskun, Y. W. Yang, J. I. Zink, Enzyme-Responsive Snap-Top 
Covered Silica Nanocontainers, J Am Chem Soc, 2008, 130, 2382-2383.  
52 M. W. Ambrogio, T. A. Pecorelli, K. Patel, N. M. Khashab, A. Trabolsi, H. A. Khatib, Y. Y. Botros, J. I. 
Zink, Snap-Top Nanocarriers, Org Lett, 2010, 12, 3304-3307. 
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linker and cargo. The linker and ATP experience a strong electrostatic interaction that 

results in the physisorption into the MSNP, while vancomycin disfavors physiosorption.56 

This characteristic demonstrates the importance of the cargo’s characteristics and 

potential interactions that must be considered when choosing a controlled release 

mechanism. Additionally, this study conducted in vitro experiments to show 

biocompatibility and effective delivery of ATP after addition of ME to astrocytes 

cultures. ATP has been shown to evoke receptor-mediated increases in calcium uptake in 

astrocytes, and therefore effective release was monitored increased intercellular [Ca2+] 

using a Ca2+-chelating fluorescent dye, Attofluor system, and Zeiss microscope. Results 

showed an increase in fluorescent intensity in the cells, indicating cargo release.      

Snap-top designs have been expanded to be multifunctional.57 Zhao et al., 

proposed a glucose-responsive, snap-top MSNP that uses immobilized gluconic acid-

modified insulin (G-Ins) to cap cyclic adenosine monophosphate (cAMP) into the pores 

of the MCM-41 nanoparticle.58 cAMP is secondary messenger which stimulates insulin 

production in pancreas beta cells. This design is seen in Figure 9. This therapy has been 

proposed to be used in diabetes treatment that bypasses the drop in insulin secretion 

found in polymer systems caused from repeated injection cycles by successfully 

delivering both insulin and cAMP.59,60 G-Ins is secured to the MSNP pore surface via 

                                                            
56 K. Takacs-Novak, B. Noszal, M. Tokes-Kovesdi, G. Szasz, Acid-base properties and proton-speciation 
of vancomycin, Int J Pharm, 1993, 89, 261-263. 
57 K. Coti, M. Belowich, M. Liong, M. Ambrogio, Y. A. Lau, H. A. Khatib, J. I. Zink, N. Khashab, and J. 
F. Stroddart, Mechanised nanoparticles for drug delivery, Nanoscale, 2009, 1, 16-39. 
58 Y. Zhao, B. G. Trewyn, I. I. Slowing and V. S-Y. Lin, Mesoporous Silica Nanoparticle-Based Double 
Drug Delivery System for Glucose-Responsive Controlled Release of Insulin and Cyclic AMP, J Am Chem 
Soc, 2009, 131, 8398-8400. 
59 D. Shiino, K. Kataoka, Y. Koyama, M. Yokoyama, T.  Okano, Y. Sakurai, Preparation and 
characterization of glucose-responsive insulin-releasing polymer device, Biomaterials, 1994, 5, 311. 
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One further snap-top design consists of an acid-sensitive stalk that is designed to 

respond to the pH of tumor and inflamed tissues sites or to intracellular endosomes and 

lysosomes.62 Chen et al. proposed a snap-top mechanism that secured the capping agent, 

poly(acrylic acid) homopolymer (PAA), to the MSNP surface via an acid-cleavable linker 

(3,9-bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[5.5] undecane (ATU)) and used 

doxorubicin as the cargo.63 The system was designed to take advantage of the passive 

EPR effect in tumors and release the cargo within the cells lysosomes after undergoing 

endocytosis. This design and delivery scheme is shown in Figure 10. This design is 

different from previous snap-top examples because it responds to pH and also 

demonstrates a silica-polymer hybrid nanocarrier where a singular capping network 

covers the entire MSNP surface. Using PAA increased biocompatibility internalization, 

and blocking effects than other reported intracellular pH-responsive DDSs. 10.2%, 

17.3%, 32.3% release, and 80.0% cargo release was seen after 780 min at pH of 7, 6, 5, 

and 4, respectively.  

In vitro studies showed efficient delivery of doxorubicin to nasopharyngeal 

carcinoma cell line (HNE-1) according to the Figure 10 scheme and led to significant 

apoptosis. Uptake was tested by exposing the HNE-1 cell line to medium contained 

loaded PAA-MSNPs for 3 hours and monitoring uptake using stains and confocal laser 

scanning microscopy. Empty PAA-MSNPs showed no cytotoxicity for concentrations up 

to 320 µg/mL for 24 hrs, and doxorubicin loaded PAA-MSNPs showed significant 

                                                            
62 H. Meng, M. Xue, T. Xia, Y. L. Zhao, F. Tamanoi, J. F. Stoddart, J. I. Zink and A. E. Nel, Autonomous 
in Vitro Anticancer Drug Release from Mesoporous Silica Nanoparticles by pH-Sensitive Nanovalves, J 
Am Chem Soc, 2010, 132, 12690–12697. 
63 M. Chen, X. He, K. Wang, D. He, S. Yang, P. Qiu, S. Chen, A pH-responsive polymer/mesoporous silica 
nano-container linked through an acid cleavable linker for intracellular controlled release and tumor 
therapy in vivo, J Mater Chem B, 2014, 2, 428-436. 
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on lactose, α-amylase on cyclodextrin, and β-mannanase on Konjac 

oligosaccharide.64,65,66,67 

Overall, the snap-top design represents an effective, simple design system that can 

be fitted to a variety of target site environments. The triggers can be general, such as 

presence of saccharides or reductive conditions but can also be specific to the particular 

cell machinery, such as the presence of a specific enzyme. The synthesis of these caps is 

relatively simple, with only a few steps in the reaction mechanism which makes the 

functionalized MSNP easier to optimize for a particular drug. Lastly, the design shows a 

discrete conformation between on and off position due to the cleavage of the stalk. This 

makes the release of the cargo from the pore occur immediately, without many 

intermediate steps. 

  

 

 

 

 

 

 

 

 

                                                            
64 A. Schlossbauer, J. Kecht and T. Bein, Biotin-Avidin as a Protease-Responsive Cap System for 
Controlled Guest Release from Colloidal Mesoporous Silica, Angew Chem. Int Ed, 2009, 48, 3092–3095.  
65A. Bernardos, E. Aznar, M. D. Marcos, R. Martínez-Máñez, F. Sancenón, J. Soto, J. M. Barat and P. 
Amorós, Enzyme-Responsive Controlled Release Using Mesoporous Silica Supports Capped with Lactose, 
Angew Chem Int Ed, 2009, 48, 5884–5887.  
66 C. Park, H. Kim, S. Kim, Enzyme Responsive Nanocontainers with Cyclodextrin Gatekeepers and 
Synergistic Effects in Release of Guests, J Am Chem Soc, 2009, 131, 116614-16615. 
67 W. Guo, C. Yang, L. Cui, F. Qu, An enzyme-responsive controlled release system of mesoporous silica 
coated with konjac oligosaccharide, Langmuir, 2014, 30, 1, 243-249. 
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CHAPTER THREE 

Capping Mechanisms Using Noncovalent Interactions for Mesoporous Silica 
Nanoparticles 

 

 Chapter two focused on the development of a few, simple designs that can control 

the release of cargo contained within MSNP pores. These designs are triggered by stimuli 

and system responds through covalent bond cleavage and induced change in 

conformation. This next chapter will begin its discussion on the three main designs that 

utilize changes in noncovalent interactions to control the release of cargo (nanovalves, 

nanoimpellers and nanobiologicals). Due to the large variety in the nanovalve system, 

this chapter will focus on this one type, while the remaining two will be discussed in 

Chapter 4.  

 
Role of Reversibility in Nanoparticle Technology 

Many of the systems discussed in the previous chapter dealt with irreversible 

control release mechanisms because they responded to triggers through cleavage of 

covalent bonds and subsequent diffusion of the cleaved components. The only reversible 

controlled release design included the photoactivated coumarin design because 

application of light with different energy levels can switch between the two 

conformations and the monomers were attached to the MSNP and were prevented from 

diffusing away. The designs that will be discussed in this chapter, however, are 

reversible. Reversibility can give greater control over leakage. Controlled release 

mechanisms can exhibit different time release properties to release their drug at different 

rates and concentrations. However in the case of slow release rates, the nanoparticle may 
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immobilized on both silica thin films and on MCM-41 MSNPs and used a chemical 

reducing agent, Sodium borohydride (NaBH4), or a photosensitizer agent (365 nm), 9-

anthracene carboxylic acid (ACA), to reduce BHEEN. These studies showed successful 

release of cargo but the specific design was abandoned because it required organic media 

to work properly and lacked biocompatibility.1 However, the framework was applied to a 

wide number of other studies, switching instead to systems utilizing cyclodextrin and 

cucurbit[n]uril rings. The remainder of this section will discuss these two ring systems, 

beginning with cucurbit[n]uril.  

  
Cucurbit[n]uril nanovalve designs 

Cucurbit[n]uril (CB[n], n = 5-10) defines a family of molecular structures that 

consist of n glycoluril groups connected by methylene bridges.70 CB[n] is a pumpkin-

shaped, tube structure with a hydrophobic cavity and carbonyl lined top and bottom 

edges. This is demonstrated in the structure of CB[6], depicted in Figure 3. These 

structures can be formed through self-assembly during the acid-catalyzed condensation 

reaction of formaldehyde and glycoluril. The solubility of CB molecules depends on the 

number of glycoluril groups where n = 6, 8 are insoluble and n = 5,7 are moderately 

soluble.71 Electrostatic potential values at the surface surrounding the ring opening show 

a strong preference to bind with cationic groups. This will differ from cyclodextrin 

groups that will interact with neutral and anionic guests preferentially. All CB groups are 

9.1 Å tall. The inner and outer diameters are 2.4 Å and 4.4 Å, 3.9 Å and 5.8 Å, 5.4 Å and 

7.3 Å, and 6.9 Å and 8.8 Å for CB[5], CB[6], CB[7], and CB[8], respectively.4 

                                                            
70 K. Kim, N. Selvapalam, Y. H. Kom K. M. Park, D. Kim, J. Kim, Functionalized cucurbiturils and their 
applications, Chem Soc Rev, 2007, 36, 267-279. 
71 J. Lagona, P. Mukhopadhyay, S. Chakrabarti and L. Isaacs, The Cucurbit[n]uril Family, Angew Chem Int 
Ed, 2005, 44, 4844-4870. 
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The next CB[6] nanovalve system was adapted to respond to acidic pH changes as 

well as offer increased control and reversibility. This novel mechanism used 

[2]pseudorotaxane architecture with three-recognition site design that responds to 

changes in pH conditions in a unique “clock” operation scheme with a trisammonium 

stalk, propidium iodide (PI) cargo, and a CB[6] capping ring.74 The trisammonium stalk 

has two proximal amide groups separated from the MSNP surface and the third nitrogen 

group with oligomethylene spacers. The third nitrogen group consisted of a distal 

anilinium nitrogen atom attached to a benzyl group with a functional group, R, at the 

“para” position. The identity of the R group was shown to fine-tune the pKa of the 

anilinium nitrogen and pH at which the conformation change is triggered. MNP-1, 

consisting of a hydrogen R group, was reported to be ~106-fold less basic than the other 

two nitrogen sites. The structure and operation of the system is shown in Figure 5.  

 

 

                                                            
74 S. Angelos, N. Khashab, Y.W. Yang, A. Trabolsi, H. Khatib, J. Stroddart, J. I. Zink, pH Clock-Operated 
Mechanized Nanoparticles, J Am Chem Soc, 2009, 131, 12912-12914. 



 

 

al

as

b

 Figure 5. Co

At ne

lkyl nitrogen

ssociate with

lock the po

ontrolled releas

eutral condit

n groups ar

h the alkyl n

ore opening. 

se design for C
conditions, pr

tions, the an

re protonated

nitrogen gro

The CB[6]

43 

CB[6] nanovalv
roposed by An

 

nilinium nit

d. The CB[

oups  that ar

] ring optim

ve design at (a)
ngelos et al., 20

trogen rema

[6] participa

re separated 

mal associate

) acidic (b) neu
0097 

ains unproto

ates in ion-d

by a four ca

es with ions

 

utral and (c) ba

onated, whil

dipole bindin

arbon linker

s separated 

asic 

e the 

ng to 

r, and 

by a 



44 
 

distance of six carbon groups.75 Therefore at lower pH values when the anilinium 

nitrogen becomes protonated, the CB[6] ring will preferentially slide up to the distal 

portion of the stock where the amide nitrogen and anilinium nitrogen are separated by a 

six carbon linker to participate in this optimum interaction, and the PI cargo is released. 

At higher pH values, all of the nitrogen groups become deprotonated and the CB[6] 

completely dethreads from the system.  

This system is reversible as long as the MSNP doesn’t come into contact with a 

sufficiently basic environment to deprotonate the alkyl nitrogen groups. This would be 

the case in most biological situations where the MSNP would remain closed in the neutral 

bloodstream and will only release its contents after endocytosis and fusion of the vesicle 

with a mildly acidic lysosome. The study also shows that release response is faster for 

more acidic conditions with cargo release of 0%, 35%, 71% and 100% after 1800 sec for 

pH of 6.5, 5.0, 4.4, and 3.4, respectively. This difference is associated with a different 

rate of protonation, where a large excess of hydronium ions will lead to a faster rate of 

anilinium protonation.   

Several other design schemes have been proposed as well that operate under 

similar mechanisms and triggers described by taking advantage of stalk functional groups 

and number of recognition sites.76 However, all of these designs are limited to the 

insolubility and smaller diameter of the CB[6] ring, and for certain design schemes the 

CB[7] ring is preferred. In addition to its larger diameter and high solubility in aqueous 

                                                            
75 W. L. Mock and J. Pierpont, A cucurbituril-based molecular switch, J Chem Soc Chem Commun, 1990, 
1509–1511. 
76 N. M. Khashab, M. E. Belowich, A. Trabolsi, D. C. Friedman, C. Valente, Y. N. Lau, H. A. Khatib, J. I. 
Zink and J. F. Stoddart, pH-Responsive mechanised nanoparticles gated by semirotaxanes, Chem Commun, 
2009, 5371–5373. 
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solutions, the CB[7] ring also has “strong binding ability to cationic ferrocene 

derivatives, viologen, ammonium ion forms of amino acids, and etc”.77 

The CB[7] ring was first used in construction of the ferrocene-based mechanized 

MSNP, by Khashab et al.78 CB[7] forms a stable complex by surround this ferrocene 

group when the ring is at its neutral form, but as the pH is changed to 10, anionic 

ferrocene carboxylates result in electrostatic repulsion and dissociation of the 

components.79 This one recognition site system behaves the same as the other irreversible 

system where at low pH conditions the ring associates strongly with the stalk and at basic 

conditions the ring is pushed off and diffuses into solution, releasing the cargo material. 

This design showed a half-life value of ~100 min and release occurred immediately after 

the addition of 1 M NaOH.  

CB[7] rings have also been included in the development of [2]pseudorotaxane 

designs that are dual responsive to pH and to competitive binding.80 This design used a 

1,4-butanediamine stalk that is tethered to the MCM-41 surface. The CB[7] associates 

with the stalk through ion-dipole interactions to block the nanoparticle pore and release 

of calcein cargo molecules. At neutral pH levels, the stalk is protonated and forms a 

stable complex with the CB[7]. The complex can be disrupted by either deprotonation 

(similar to many of the mechanisms described previously) or through the presence of 

cationic competitors such as cetyltrimethlammonium bromide (CTAB) or 1,6-

hexandiamine. These types of ions are present in biological systems from the 

                                                            
77 Y. Yang, Towards Biocompatible Nanovalves Based on Mesoporous Silica Nanoparticles, Med Chem 
Commun, 2011, 2, 1033-1049. 
78 N. M. Khashab, A. Trabolsi, Y. A. Lau,  M. W. Ambrogio, D. C. Firedman, H. Khatib, J. I. Zink, J. 
Stroddart, Redox- and pH-Controlled Mechanized Nanoparticles, Eur J Org Chem, 2009, 1669-1673. 
79 W. S. Jeon et al, Complexation of Ferrocene Derivatives by the Cucurbit[7]uril Host: A Comparative 
Study of the Cucurbituril and Cyclodextrin Host Families, J. Am. Chem. Soc., 2005, 127, 12984-12989. 
80 J. Liu and X. Du, pH- and competitor-driven nanovalves of cucurbit[7]uril pseudorotaxanes based on 
mesoporous silica supports for controlled release, J Mater Chem, 2010, 20, 3642-3649. 
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greater amount of leakage and higher association constant than the CB[7]/1,4-

butanediamine design. Competitive-binding studies showed that increasing 

concentrations from 20 µM to 100 µM CTAB and 1,6-hexandiamine resulted in greater 

cargo release, and at 100 µM the cargo release was 66% and 73% for CTAB and 1,6-

hexandiamine, respectively. The difference corresponds with different binding affinities 

with CB[7]. 

 Lastly, a CB[7] nanovalve design was proposed in 2014 that possessed the 

additional benefits of the “clock-operated” CB[6] design by responding to both basic and 

acidic conditions.82 The design scheme used the HMSN platform and a stalk with 

hexylammonium units and ferrocenecarboxylate (FcCOO-) units, linked by amide bonds. 

At neutral pH conditions, the CB[7] associates with the protonated hexylammonium sites 

and block the pore openings. At acidic conditions, the FcCOO- gets protonated to 

FcCOOH and unblocks the pores. At basic conditions, the CB[7] rings are unable to form 

stable inclusion complexes with the unprotonated hexylammonium or FcCOO- units and 

will dethread from the system. This design scheme is shown in Figure 7. Release 

response profiles show negligible cargo release at pH 6.5. Acidic responsive release 

showed similar trends as previous studies, with 17%, 43%, 67%, and 90% release after 

160 min for pH 5, 4, 3, and 2, respectively. Basic responsive release showed 90% release 

in 75 min for pH 10.   

 

 

                                                            
82 T. Chen, N. Yang, J. Fu, Controlled release of cargo molecules from hollow mesoporous silica 
nanoparticles based on acid and base dual-responsive cucurbit[7]uril pseudorotaxanes, Chem Commun, 
2013, 49, 6555-6557. 
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most exhaustive studies of nanovalves thus far. Meng et al. developed a biologically 

compatible and operational controlled release MSNP using a 1-methyl-1H-benzimidazole 

modified nanoparticles and a pyrene-labeled, β-CD ring capping agent.89 The cargo used, 

Hoechst 33341, fluoresces when bound to dsDNA and can be extremely advantageous for 

developing the DDS for siRNA therapies.90 At the slightly basic conditions of blood (pH 

7.4) the β-CD forms a tight complex via noncovalent interactions with the benzimidazole 

stalk and prevents cargo release. The release is triggered through decreasing the pH to 5.5 

or through acidity levels in lysosomes for the in vitro studies. The drop in pH causes the 

stalk to become protonated and the CB cap to be released. This scheme is shown in 

Figure 10. 

 

                                                            
89 H. Meng, M. Xue, T. Xia, Y. L. Zhao, F. Tamanoi, J. F. Stoddart, J. I. Zink and A. E. Nel, Autonomous 
in Vitro Anticancer Drug Release from Mesoporous Silica Nanoparticles by pH-Sensitive Nanovalves, J 
Am Chem Soc, 2010, 132, 12690–12697. 
90 D. Tarn, M. Xue and J. I. Zink, pH-Responsive Dual Cargo Delivery from Mesoporous Silica 
Nanoparticles with a Metal-Latched Nanogate, Inorg Chem, 2013, 52, 2044-2049. 
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doxorubicin-responsive cervical cancer cell that can be used to test effective drug 

delivery by the mechanized MSNP.”22 Through comparison of the pKa over several stalk 

designs and the pH of the LAMP-1-positive endosomal compartments found in the cell 

lines, an N-methlybenzimiazole (MBI) was chosen. FITC-labeled MSNPs showed >80% 

localization of MSNPs in lysosomes and the drug was released beginning up to 36 h and 

DOX release resulted in apoptosis for the KB-31 cells. 

Several other nanovalves designs have been tested and published that operate 

under the same assumptions as prior examples. An α-CD ring around a stalk containing 

an aniline group were used tested under a pH-responsive system that disrupts hydrogen 

bonding between the ring-stalk complex with similar outcomes as alternative systems.91  

Overall the nanovalve controlled release design has been one of the most 

extensively studied types in the field. With the growing push for reversible systems that 

respond to inherent pH conditions in the cellular environment, the nanovalve design 

offers a larger control over precise conformation control that cleaved, snap-top designs. 

This is because the pKa of stalk components can be made to protonate/deprotonate over a 

smaller change in pH condition as some acid-cleavable units and can changed through 

modification of stalk R groups to make the system’s sensitivity optimal for the target 

environment.  

 

 

 

 

                                                            
91 L. Du, S. J. Liao, H. A. Khatib, J. F. Stoddart and J. I. Zink, Controlled-Access Hollow Mechanized 
Silica Nanocontainers, J Am Chem Soc, 2009, 131, 15136–15142. 
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CHAPTER FOUR 

Capping Mechanisms Using Nanoimpellers and Biologicals for Mesoporous Silica 
Nanoparticles 

 

 In this final chapter, I will complete my discussion of controlled release designs 

with a discussion of nanoimpellers and briefly examine alternative schemes which utilize 

modified biological polymers. These final two systems respond to appropriate triggers 

primarily through a change in their noncovalent interactions to release their payloads. 

The end of this chapter will also provide a brief account of the state of the field, 

considering future challenges and potentials in application.  

  
Azobenzene Nanoimpeller Mechanism 

 Nanoimpeller designs approach the goal of controlled cargo release dramatically 

different than the systems discussed previously. The mechanisms described previously 

are activated through application of a stimulus that induces the removal of a gatekeeping 

cap to allow the cargo to diffuse from the nanocarrier. Alternatively, nanoimpellers 

respond to the stimulus to disrupt the interactions holding the cargo within the 

nanoparticle to actively push the cargo out from the pore interior. This is accomplished 

using azobenzene molecules that have been secured to the interior pore surface. External 

application of light (400-450 nm) is absorbed by both cis and trans conformations and 

induces continuous photoisomerization of the azobenzene groups. This isomerization 

induces a wagging or sweeping motion as the molecules alternate between these two 

states and physically pushes the cargo from the mesopores, hence acting like an impeller. 
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Using azobenzene for nanoimpellers was initially proposed in 2007 by Angelos et al.96 

This study attached either small azobenzene derivatives (AzoH) or larger, G1 Frechet 

Dendron azobenzene derivatives (AzoG1), to a MSNP surface via linkers. AzoH was 

bound using a co-condenation method that evenly derivatized the pore interior, but the 

increased size of AzoG1 required a post-synthesis modification method that bound the 

groups disproportionally to the distal regions of the pore interior.97 The AzoG1-MSNP 

showed minimal leakage due to a gatekeeper-like action of the larger, static azobenzene 

chains. The AzoH-MSNP arrangement and smaller size led to increased leakage prior to 

irradiation. AzoG1-MSNP also showed more rapid release of dye cargo than AzoH-

MSNP after application of excitation energy (457 nm). The azobenzene tether 

concentrations and azobenzene size needed to be optimized to balance between effective 

cargo holding and release. 

Azobenzene-derivative nanoimpellers were tested in vitro using human cancer 

cell lines PANC-1 and SW480 and demonstrated the potential for “remote controlled” 

MSNPs to deliver and release the anticancer drug, camptothecin.98 Confocal microscopy 

imaging showed the cargo, propidium iodide, is only released from the nanocarrier after 

excitation with light (413 nm) for 5 minutes. The amount of cargo release was showed to 

be dependent upon the light intensity and irradiation time. Nuclei staining by the 

propidium iodide increased with increasing beam intensity decreasing from 0.2 Wcm-2 to 

                                                                                                                                                                                 
95 N. Liu, D. R. Dunphy, P. Atanassov, S. D. Bunge, Z. Chen, G. P. Lopez, T. J. Boyle and C. J. Brinker, 
Photoregulation of Mass Transport through a Photoresponsive Azobenzene-Modified Nanoporous 
Membrane, Nano Lett, 2004, 4, 551–554. 
96 S. Angelos, E. Choi, F. Vogtle, L. De Cola and J. I. Zink, Photo-Driven Expulsion of Molecules from 
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with alternative gatekeeping systems.9 One such system combined a pH-responsive 

nanovalve with the azobenzene-based nanoimpeller.101 The [2]pseudorotaxane nanovalve 

was constructed  from a CB[6] ring and bisalklyammonium stalk. In this design the 

independent triggering of the systems by base or radiation (448 nm) will not release the 

cargo, but simultaneous excitation and base addition causes cargo release. 

 There has not been an extensive study of the applicability of nanoimpellers in 

controlled release mechanisms. The low penetration of UV light into the body is one 

major concern for nanoimpeller technology.102 The system’s additional shortcoming 

includes insufficient gatekeeping ability to prevent leakage, but is offset by the added 

benefit of having active displacement of cargo from the pore interior. This latter 

characteristic increases the release time dramatically. Therefore, while the technology 

may not be ideal independently, it holds a lot of promise to be used as a supplemental 

mechanism. Different systems can be kept geographically isolated from each other 

through attachment to different portions of the nanocarrier and therefore have little 

potential to negatively interacting with each other.  

Drawbacks to these dual design systems include added complexity in synthesis 

schemes in order to bind the nanovalve and gatekeeper to the pore interior and exterior, 

respectively. In addition to these two nanomachines, imaging systems would need to be 

implanted into the nanocarrier for practical application. This system would be used to 

track the location of the nanoparticles and monitor when external light sources needs to 

be applied.    

                                                            
101 S. Angelos, Y. W. Yang, N. M. Khashab, J. F. Stoddart and J. I. Zink, Dual-Controlled Nanoparticles 
Exhibiting AND Logic, J Am Chem Soc, 2009, 131, 11344–11346. 
102 M. Meinhardt, U. Heinrich, H. Tronnier, R. Krebs and A. Anders, Wavelength-dependent penetration 
depths of ultraviolet radiation in human skin, J Biomed Opt, 2008, 13, 044030. 
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Polymer Capping Mechanism 
 
 Recent developments in controlled release mechanisms for MSNPs have begun to 

shift to the use of biological polymers-namely, using proteins, nucleic acids, lipids, and 

carbohydrates-as capping agents. These systems show aspects of the previously described 

systems but tend to rely on natural secondary and tertiary interactions to control release. 

This subtype of controlled release mechanisms is remarkably diverse. For this reason, I 

will provide a general overview of polymeric capping net mechanisms and then select an 

illustrative study of application of each biopolymer. 

 The first polymeric controlled release mechanism was published in 2008 and 

consisted of poly(N-acryloxysuccinimide) (PNAS) chains attached along the MSNP pore 

exterior.103 The addition to cystamine resulted in the formation of disulfide bonds 

crosslinked the chains to form a net-like cap over the pore. Exposure to reducing agents, 

such as dithiothreitol (DTT) or cellular antioxidants (dihydrolipoic acid or glutathione), 

reduce the chains and allows cargo release. This design is shown in Figure 5. Zero 

premature release was reported before reductant addition. Higher DTT concentration 

resulted in faster and greater release response. This polymer design was later expanded to 

contain disulfide linked β-CD groups that allowed the cap to be disrupted by multiple 

triggers with similar results.104 

 

 

                                                            
103 R. Liu, X. Zhao, T. Wu and P. Y. Feng, Tunable redox-responsive hybrid nanogated ensembles, J Am 
Chem Soc, 2008, 130, 14418–14419. 
104 R. Liu, Y. Zhang and P. Y. Feng, Multiresponsive Supramolecular Nanogated Ensembles, J Am Chem 
Soc, 2009, 131, 15128–15129. 
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Protein capping mechanisms have been described previously in their application 

in snap-top designs (Chapter Two) by using enzyme cleavage of a portion of the protein 

bound to the nanoparticle to remove the bulky portion of the protein that is restricting 

cargo movement.107 A novel application of using proteins for controlled release 

manipulates antibody-antigen interaction for triggering. Climent et al. designed a 

controlled delivery system that used hapten-antibody complexes as the gatekeeper.108 

Hapten groups for a specific antibody are covalently attached to the exterior of a 

mesopore. After loading of cargo molecules, the antibody is added to the solution and 

allowed to bind to the hapten groups at either side of the pore. It is essential that the 

mesopore diameter is smaller than the difference between the symmetrical antigen-

binding sites on an antibody to promote capping over the pore openings. The hapten-

antibody interaction is strong enough to remain intact in most conditions prior to reaching 

the target site. At the target site, the antibody cap will selectively bind to its natural 

antigen molecules and uncap the mesopore to allow cargo release. This design is shown 

in Figure 7.  

 

 

                                                            
107 A. Schlossbauer, J. Kecht and T. Bein, Biotin-Avidin as a Protease-Responsive Cap System for 
Controlled Guest Release from Colloidal Mesoporous Silica, Angew Chem. Int Ed, 2009, 48, 3092–3095.  
108 E. Climent, A. Bernardos, R. Martinez-Manez, A. Maquieira, M. D. Marcos, N. Pastor-Navarro, R. 
Puchades, F. Sancenon, J. Soto and P. Amoros, Controlled Delivery Systems Using Antibody-Capped 
Mesoporous Nanocontainers, J Am Chem Soc, 2009, 131, 14075–14080. 
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Carbohydrate capping mechanisms typically use saccharide chains that are broken 

down through enzymatic process to release the payload.113 Bernardos et al. tested the 

effectiveness of using several starch derivatives as potential caps that can be hydrolyzed 

from the MSNP surface through action of pancreatin on 1→4 glycosidic bonds between 

β-D-glucose groups.114 Degradation of the capping group resulted in release of trapped 

cargo, [Ru(bipu)3]
2+. MSNPs capped with Glucidex 47, Glucidex 39, and Glucidex 29 to 

form MSNP derivatives S1, S2, and S3. S1-3 showed less than 2% leakage after 5 hours. 

Degradation of S1, S2, and S3 by pancreatin released 63, 48, and 31% cargo, 

respectively. This showed that the lesser degree of starch hydrolysis shows a lower rate 

of the delivery. S1-3 are able to slowly release their cargo over 60 hrs, and this is 

especially true for S3, which delivered 63% of its cargo after 60 hrs. S1-MSNPs were 

additionally tested in vitro using HeLa and LLC-PK1 cell lines. The study reported 

effective uptake through energy dependent, endosomal-mediated cellular internalization 

to autolysosomes via LC3-eGFP-associated vesicles. Doxorubicin loaded S1-MSNPs 

resulted in substantial reduction of the living cells. 

   
Challenges of the Choosing an Optimal Controlled Release Mechanisms 

 Throughout this paper, I have presented a wide variety of designs that have been 

developed to control the release of contained drugs. The natural progression of this 

research is to ask which technique is the best. However, choosing a mechanism among 

the many prototype designs is difficult at this time.  

                                                            
113 A. Bernardos, E. Aznar, M. D. Marcos, R. Martínez-Máñez, F. Sancenón, J. Soto, J. M. Barat and P. 
Amorós, Enzyme-Responsive Controlled Release Using Mesoporous Silica Supports Capped with Lactose, 
Angew Chem Int Ed, 2009, 48, 5884–5887.  
114 A. Bernardos, L. Mondragon, E. Aznar, M. D. Marcos, R. Martinez-Manez, F. Sancenon, J. Soto, J. M. 
Barat, E. Perez-Paya, C. Guillem and P. Amoros, Enzyme-responsive intracellular controlled release using 
nanometric silica mesoporous supports capped with "saccharides", ACS Nano, 2010, 4, 6353–6368. 
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 The first challenge arises for an inadequacy in current data reporting. The main 

goal of each of the novel controlled release mechanisms is to prove a design model works 

effectively to hold and release cargo. The kinetics of cargo release, trigger exposure 

duration and intensities, leakage quantity, nanocarrier load capacity, nanocarrier release 

capacity, and other essential characterizing data is lacking for most articles. For the 

articles in which such data is reported, there are inconsistencies in the way in which data 

is presented. For example, cargo release can be expressed as concentration released, 

percent released out of total loaded cargo, percent released out of total release cargo, 

weight release, percent weight release, or simply fluorescent signal intensity. Unit 

conversion to get the reported values to a common, comparable standard would be 

tedious, and require accessing supplemental information from published results or 

contacting the research lab directly. Additionally, special care would need to be taken to 

guarantee the same morphological dimensions and cargo was used to prevent bias in 

results. Due to the vast amount of proposed techniques, such a task as standardization 

would be extensive, but necessary for the advancement of the field. 

The chemical characteristics of the cargo drug play in important role in capping 

mechanism selection. As demonstrated earlier, special preparation techniques must be 

taken to avoid strong electrostatic interactions between the MSNP and cargo molecules 

that prevent diffusion after the stimulus is applied.115 Additionally, the size of the cargo 

will play a major role in the allowable pore size and the mechanisms that may be 

appropriate. Large pores may not be able to be efficiently capped by smaller capping 

groups. Some concerns may be able to be easily fixed through certain substitutions, such 

                                                            
115 H. Meng, M. Xue, T. Xia, Y. L. Zhao, F. Tamanoi, J. F. Stoddart, J. I. Zink and A. E. Nel, Autonomous 
in Vitro Anticancer Drug Release from Mesoporous Silica Nanoparticles by pH-Sensitive Nanovalves, J 
Am Chem Soc, 2010, 132, 12690–12697. 
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as increasing the size of CD or CB[n] rings, but this may be more difficult for other 

designs.  

A third challenge in optimally choosing a type of controlled release mechanism is 

that it requires a strong understanding of the body’s physiological conditions. Successful 

release of cargo has been seen to depend on the chemical conditions of both the target site 

and all of the sites external to the target site that the nanoparticle might come into contact 

with before or after delivery. In order to prevent leakage and promote maximum release 

in the target site, developers need to decide how the nanoparticles will be introduced in 

the system. Most research currently seems to predict intravenous injection of loaded 

nanoparticle and have proposed systems that are closed in the bloodstream and open in a 

target site. However, the most favorable introduction means in terms of widespread 

application would be through digestive absorption. The different introduction methods 

dramatically influence the chemical conditions the nanocarrier will come into contact 

with and switching to a new delivery method will require essentially a fresh start for 

design planning. 

 
Future Challenges of the Field 

While each design offers benefit over free drug delivery, the challenges of 

implementation demonstrate the infancy of this field. Many conventional “nano” drug 

delivery schemes, described in Chapter One, have reached later stages in FDA approval 

and a few FDA-approved nanoparticle based nanomedicines are available in the clinic.116 

Clinical application will require thorough planning, assessment, and necessary redesigns 

to custom design the nanoparticles to be optimized according to abiotic, in vitro, and in 

                                                            
116 W. X. Mai, H. Meng, Mesoporous silica nanoparticles: A multifunctional nano therapeutic system, 
Intergr Biol, 2013, 5, 19-28 
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need before pushing a drug delivery system through FDA new device processes is 

significant and will require a significant investment of time and money. It will take the 

work of a large number of dedicated researchers to push this research to clinical 

application. 

 
Synopsis 

 In summary, I have presented some of the major controlled release designs that 

can be applied to the surface of mesoporous silica nanoparticles (MSNPs). The benefits 

of creating uniform, porous, disperable, and modifiable nanocarriers have led MSNPs to 

be the prominent platform for drug delivery research. The nanocarrier’s high surface area 

to volume ratio has inspired a full array of surface functionalization systems, including 

triggered controlled release mechanisms. Throughout this thesis, I have given an in-depth 

look into several controlled release designs, including dimer photocleavage, snap-top 

machines, nanovalve machines using Cucurbit[n]uril and cyclodextrin rings, azobenzene 

nanoimpellers, and polymeric designs that can be stimulated through a variety of triggers 

including light, pH, heat, reducing agents, enzymatic degradation, or other substrate 

concentration. Each design system offers a unique and promising architecture to be used 

in effective drug delivery, but is ultimately hindered from further application by 

insufficient standardization in data analysis. The future of mesoporous silica 

nanoparticles implementation in drug delivery is promising for cancer therapy as well in 

widespread drug application.  
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