
RELEASE OF BIOACTIVE AGENTS FROM MESOPOROUS SILICA 

NANOPARTICLES FOR BIOLOGICAL APPLICATIONS 

by 
Marisa Adams 



  

 ii 

 
A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Master of Science (Chemistry). 

Golden, Colorado 

Date:        

 

 

Signed:       

Marisa L. Adams 

 

 

Signed:        

Dr. Brian G. Trewyn  
Thesis Advisor  

 

 

Golden, Colorado 

Date:        

 

 

Signed:        

Dr. Thomas Gennett  
Professor and Head 
Chemistry Program  

 

 



  

 iii 

ABSTRACT 
 

 The high surface area, pore volume, and biocompatible/ biodegradable silica matrix of 

mesoporous silica nanoparticles (MSN) has led to extensive investigation into these materials as 

carriers for bioactive agents. These agents can be loaded into and sheltered within the mesopores, 

then released at the target site either through simple diffusion or in response to specific stimuli. 

Owing to the facile surface modification of MSN, stimuli responsive MSN is frequently 

synthesized through the covalent linkage of an organic functionality, capable of changing 

conformation in response to a given stimuli, to the silica surface. However, this goal can also be 

accomplished through coating of the particle surface with an enzymatically digestible polymer. 

In this work, vanillin loaded MSN coated with the linear glucose polymer amylose or branched 

glycogen is proposed as a salivary α-amylase responsive system for drug delivery. The starch cap 

is capable of retaining vanillin within the MSN pores until the enzyme is introduced, making 

delivery specific to the oral cavity. This target offers benefits such as higher patient compliance 

and the negation of first-pass metabolic effects. In addition, the use of large pore MSN for the 

release of large, homotetrameric protein and silver-MSN nanocomposites for antimicrobial 

applications are discussed.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1     History, Biocompatibility, and Endocytosis 

The bioavailability of drug molecules is a crucial component to the success of any treatment 

and is dependent on the overall capacity of the free drug to make it intact to the target site. In 

order to enhance bioavailability, nanoscale drug delivery systems including polymeric 

nanoparticles, dendrimers, liposomes, solid lipid nanoparticles, self-emulsifying drug delivery 

systems, nanostructured lipid carriers, hydrogels, and carbon nanotubes have been investigated. 

Silica nanoparticles are particularly appealing candidates due to their biocompatibility, typically 

high drug loading, and facile surface functionalization.[1-5] As an example, targeting moieties 

and stimuli responsive organic groups (which act to prevent premature drug release) can be 

attached and ensure cytotoxic drugs are delivered specifically to cancer cells.  

The successful synthesis of monodisperse nonporous silica nanoparticles was first 

demonstrated in 1968 and named for the author: Stöber.[6] Though these particles had 

substantial potential and showed diverse applications almost immediately, drug delivery was not 

among them. In the early 1990’s mesoporous (pores between 2-50 nm in diameter) silica 

nanoparticles were codiscovered by the Mobil Oil Company and the Waseda University of 

Japan.[7,8] The earliest and most commonly reported of these was termed MCM-41 and the 2D 

hexagonally ordered mesoporous structure significantly increased the particle surface area over 

nonporous silica particles and in turn advanced potential applications into drug delivery. Another 

mesoporous silica demonstrating drug delivery is SBA-15, which also has a 2D pore structure 

but a less uniform and larger morphology, a wider tunable pore size range, and greater 

hydrothermal stability.[9] This capacity for drug delivery was first explored in 2001 by Vallet-

Regí and co-workers, who showed MCM-41 could successfully load and release ibuprofen. 

Although novel, the proposed system lacked any sort of control over when and where the 

encapsulated drug was released.[10] Soon thereafter and owing to the facile functionalization of 

silica through silane chemistry, this was quickly rectified and systems that released drug 

molecules in response to specific stimuli began to emerge.[11-14] The field expanded quickly 

and continues to be the subject of significant research.[15-17] 
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1.2     Importance of Biocompatibility 

Once inside the body, an efficient drug delivery vehicle must transport cargo into cells, 

where the drug exerts its therapeutic effects. Silica nanoparticles are successful drug carriers 

because they are capable of undergoing endocytosis, though the mechanism by which this occurs 

is dictated by the particle shape.[18] Once inside the cell, negatively charged particles undergo 

endosomal escape via the proton sponge effect.[19] This ability to escape from endosomes and 

deliver cargo directly into the cytoplasm is an advantageous property since cargo is not degraded 

by the harsh conditions inside the endosome. Drug release is governed by the ability of the 

medium to access the surface area and wet the silica surface, after which physisorbed drug 

molecules can simply diffuse into solution.[20]  

 

 

Figure 1.1. Transmission electron micrographs of (a) nonporous Stöber silica, (b) mesoporous 
silica nanoparticles, (c) core-shell mesoporous silica, Reprinted with permission from Luo, Z., 
Ding, X., Hu, Y., Wu, S., Xiang, Y., Zeng, Y., Zhang, B., Yan, H., Zhang, H., Zhu, L., Liu, J., 
Li, J., Cai, K. and Zhao, Y. (2013). ACS Nano, 7, pp. 10271-10284. Copyright 2013 American 
Chemical Society, and (d) magnetic nanoparticle incorporated mesoporous silica. Reprinted 
with permission from Lee, J., Kim, H., Kim, S., Lee, H., Kim, J., Kim, N., Park, H. J., Choi, E. 
K., Lee, J. S. and Kim, C. (2012). J. Mater. Chem., 22, pp. 14061-14067. Copyright 2012 Royal 
Society of Chemistry. 

 

 

(a) (b) 

(c) (d) 
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Aside from successfully delivering drug to a target site, it is also imperative that the carrier 

not cause damage while doing so. That is to say, the carrier must not be harmful to living tissue. 

Nanoparticles with sizes above 10 nm are known to accumulate in the reticuloendothelial system, 

which has raised concerns about the biocompatibility. However, silica is hydrolytically unstable 

and dissolves into water-soluble silicic acid, which is then excreted renally. The main factor in 

determining the rate of degradation is the porosity of the silica material, with increased porosity 

leading to quicker degradation. Another factor contributing to degradation rate is the silica 

surface chemistry where more silanols result in faster hydrolysis rates.[21] In turn, those 

particles which degraded more quickly were shown to be less toxic.[22] A recent study 

demonstrated the degradation of silica nanoparticles occurs faster under intracellular conditions 

as opposed to in buffer or culture medium, though occurred through a similar, hydrolytic 

mechanism.[23] 

In the remainder of this chapter, we discuss a variety of silica nanoparticles. Specifically, 

nonporous, mesoporous, hollow, rattle-type, and magnetic silica nanoparticles and their 

applications to drug delivery will be reviewed. For reference, some representative TEM images 

can be seen in Figure 1.1.  

1.3     Nonporous Silica 

Synthesis of silica nanoparticles relies on the hydrolysis and condensation of alkoxysilanes in 

a mixture of water and alcohol with a base catalyst, ammonium in the case of Stöber silica. Size 

and shape of the nanoparticles are highly dependent on the silica precursor concentration, as well 

as the rate of precursor addition to the solvent.[24] Nonporous silica continues to be investigated 

as a drug delivery vehicle due to its hydrophilic surface, biocompatibility, silane surface 

chemistry, and ease and low cost of large-scale synthesis. Indeed, in 2011 ultrasmall (7 nm) 

nonporous silica nanoparticles were approved for the first in-human clinical trial and used for 

cancer imaging.[25] Cargo can either be encapsulated within the silica and released when the 

silica matrix degrades or conjugated to the particle surface and released in response to a given 

stimulus, as illustrated in Scheme 1.1.[26] 

A nonporous silica shell was used as a transient core-stabilizing layer by Li et al. in a small 

interfering ribonucleic acid (siRNA) delivery vehicle. The siRNA was incorporated into a 

polycation core which was encased in dissolvable nonporous silica and subsequently coated with 

another polycation layer through electrostatic interactions with the negatively charged silica 
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surface. This polycation layer was further modified with polyethylene glycol (PEG), which 

enhanced the biocompatibility during blood circulation but could be detached under reducing 

conditions. Without PEG, the polycation layer could disrupt the endosomal membrane, allowing 

the nanoparticles to escape the endosome and enter the cell. Here, the silica layer, which 

functions to protect the siRNA from nonspecific binding and dissociation, could dissolve, 

allowing for siRNA release. Altogether, the system showed effective gene silencing in a 

luciferase assay against HuH7-Luc, A549-Luc, and SKOV3-Luc cells without substantial 

toxicity. Additionally, in vitro and in vivo studies using OS-RC-2 human renal cancer cells with 

vascular endothelial growth factor as the target gene further demonstrated the gene silencing 

efficacy and tumor reducing potential of these nanocomposites.[27]  

 

 

Scheme 1.1. Release mechanisms of drug molecules from nonporous silica nanoparticles through 
a) degradation of the silica and b) release from the silica surface through cleavage of a covalent 
bond or desorption of physisorbed drug molecules. 
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Li et al. synthesized silica nanoparticles in the presence of DOX and a N-

isopropylacrylamide/acrylamide copolymer, leading to incorporation of the organic materials 

within the silica matrix. The lower critical solution temperature (LCST) of the polymer was 

tuned to 39 ˚C, so at physiological temperatures the nanoparticles remained intact. When the 

temperature was raised above the LCST, the polymer contracted into an insoluble globular form, 

which caused the particle to break apart. From here both the silica and polymer could be 

biodegraded, allowing for drug release. Acidic media was also shown to accelerate drug release 

from the nanoparticles due to hastened degradation of the silica. These self-decomposing 

particles showed no cytotoxicity in HeLa, HELF, or MCF-7 cells up to 160 µg mL-1 over 12 h 

without any thermal treatment, but could deliver doxorubicin (DOX) into HeLa cells when 

exposed to a thermal treatment.[28] 

Schoenfisch and co-workers varied the hydrophobicity of amine functionalized silica 

nanoparticles to generate a nitric oxide releasing system with controllable release rates. The 

amines were converted into N-diazeniumdiolate, which spontaneously releases nitric oxide in 

aqueous conditions. Hydrocarbons and fluorocarbons were variably grafted onto the surface of 

these particles and used to regulate the rate at which water could access the nitric oxide donors, 

and thus how quickly nitric oxide was released. These particles were electrospun with a polymer 

to form fibers, where the hydrocarbon groups (ethyl and butyl) improved the particle stability in 

the fibers, decreasing particle leaching from the fibers in phosphate buffer saline (PBS) at 37 ˚C 

for 7 days. Within these fibers, nitric oxide flux increased with decreasing particle 

hydrophobicity, and the most stable fibers showed the longest nitric oxide release duration.[29] 

Within cancer cells, the pH is generally reduced from 7.4 to 6.0-7.0 and the glutathione 

(GSH) levels are increased to 2-8 mM; thus, both are suitable triggers for selectively releasing 

drug molecules in cancer cells. In a proof of concept study, Xu et al. covalently encapsulated two 

anticancer drugs, camptothecin and DOX, into silica matrices through disulfide and hydrazone 

bonds, respectively. Drug containing silanes were synthesized and then co-condensed into 

nonporous silica nanoparticles through the Stöber process, which should prevent drug leaching. 

Without GSH only 6% of the camptothecin was released, as opposed to 65.5% in the presence of 

10 mM GSH. For the DOX, 71.5% was released at pH 5.0 while only 10% was released at pH 

7.4. This is due to reduction of the disulfide bonds (by GSH) or cleavage of the hydrazone bonds 

(by low pH) within the silica particles, which caused them to degrade and release the drugs. The 
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silica served as a physical barrier which slows diffusion into the particles, leading to an extended 

release profile. The particles were effective against HeLa cells while the non-drug loaded 

particles showed no cytotoxicity.[30] 

Davidson et al. synthesized ibuprofen loaded, bioinspired silica nanoparticles under benign 

conditions. Inspired by the biomineralization found in diatoms and other organisms, amine 

analogues of the biomolecules involved were used to rapidly condense silica. Ibuprofen was 

added during the silica synthesis and the drug was both encased in and physisorbed onto the 

resulting particles. The synthetic conditions were optimized and it was shown that drug loading 

increased with amine concentration, drug release with silicate concentration, and synthesis under 

acidic conditions improved drug loading and thus the total mass of drug released. Using rat gut 

that had been removed from the rat, the authors reported ~22% of administered silica passed 

through the gut wall through passive diffusion. In hemolytic experiments, only ~2% of the red 

blood cells were lysed at 500 µg mL-1, and at the concentration of nanoparticles which passed 

through the gut wall (~250 µg mL-1) ~0.6% of the red blood cells were lysed. This demonstrated 

the bioinspired silica nanoparticles were also biocompatible.[31] 

1.4     Mesoporous Silica 

Mesoporous silicas result from the condensation of silica precursors directed by a liquid 

crystal array of surfactant micelles. Depending on the experimental conditions, such as pH, 

temperature, molar ratios, and templates, diverse mesophases can be synthesized.[32,33] 

Methods for tuning the pore sizes from less than 2 nm up to 30 nm include the use of pore 

swelling agents like mesitylene, adjusting the length of the carbon chain in the surfactant, or 

hydrothermal treatment.[8,34,35] Two mechanisms for the supramolecular surfactant aggregates 

and subsequent porous silica nanoparticle formation have been proposed. The liquid crystal 

templating mechanism states that surfactant above the critical micelle concentration first forms a 

liquid crystal structure, which exists before the silica precursors are added and serves as the 

template.[36] In the second mechanism, the addition of the silica precursor and subsequent 

condensation triggers the formation of this liquid crystal array, resulting in the final mesopore 

ordering.[37] According to this proposition, porous silica nanoparticles could be prepared at 

surfactant concentrations below the critical micelle concentration.[38]  

A typical synthesis involves the aqueous hydrolysis and condensation of 

tetramethylorthosilicate or tetraethylorthosilicate with a cetyltrimethylammonium bromide 
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surfactant under basic conditions. The Stucky research group further explored these reaction 

conditions and instead made use of a series of block copolymers as structural directing agents in 

acidic environments.[39-42]  

Organic groups can be added to the silica surfaces via an in situ co-condensation method in 

which the organoalkoxysilane of choice is added with the silica precursor during the synthesis at 

controlled concentrations or through post-synthetic grafting. The former results in functionality 

on the interior pore and exterior particle surfaces, while the latter yields organic groups 

concentrated on the exterior surface. Precursor concentration and type greatly influences the 

particle morphology in a co-condensation process, resulting in spherical or rod shaped MCM-41 

type mesoporous silica nanoparticles (MSN).[12] 

The advantage of porous silica nanoparticles over nonporous is the increased surface area 

that originates with the pores. Cargo is loaded into these pores, sheltered therein, and then 

released. Since functionalization of the silica surface is well understood, this release can be 

selectively triggered. A great deal of work has been done in this regard and been extensively 

reviewed.[14,43,44] For clarity, several of these stimuli responsive drug release mechanisms are 

generally represented in Scheme 1.2.  

 

 

Scheme 1.2. Examples of stimuli-responsive release mechanisms of drug molecules from 
mesoporous silica nanoparticles. 
 

1.4.1     pH Responsive Systems 

The enhanced growth of cancer cells generates a distinctive extracellular microenvironment. 

Anaerobic metabolism leads to increased intracellular lactic acid production and thus an acidic 

pH relative to healthy tissues. Though toxic to normal cells, cancer cells have adapted to this 

decreased pH. Generally speaking, the pH around tumor cells is ~6.4 as opposed to 7.4 found in 

most noncancer cells.[45,46] This difference can be exploited for drug delivery by using either 
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pH responsive polymers or molecular caps anchored to the MSN surface through pH sensitive 

bonds.  

Perhaps the simplest strategy was employed by Bierbach and co-workers. Using carboxylate 

functionalized large pore MSN and the model drug [PtCl(en)(N-[acridin-9-ylaminoethyl]-N-

methylpropinonamindine)] dinitrate salt, a platinum-acridine anticancer agent, the authors 

achieved a system in which virtually no premature leakage was observed at neutral pH owing to 

the electrostatic interactions between the particles and drug. At acidic pH these interactions were 

mitigated, leading to drug release. A phospholipid bilayer was employed to increase colloidal 

stability and the carriers were noncytotoxic towards PANC-1 and BxP3 pancreatic cancer cells. 

The drug-loaded carriers proved to be as effective as the free drug in arresting the S-phase of cell 

growth and, interestingly, did not undergo endosomal escape. Rather, these nanoparticles 

released drug directly into the nucleus.[47] 

In the literature, many pH responsive drug delivery systems rely on polymers. Using 

polydopamine, a biomimetic material generated from the aqueous self-polymerization of 

dopamine, Chang et al. coated desipramine, a drug used to treat depression, loaded MSN with a 

pH degradable organic layer. Without this coating, MSN showed a burst release of desipramine 

regardless of pH. The polydopamine altered this behavior, showing minimal drug leakage at pH 

7.4 while lower pH environments resulted in higher release percentages and a more sustained 

profile. Effective endocytosis was demonstrated in HeLa cells using DOX as a fluorescent model 

drug and biocompatibility of the MSN carrier (up to 500 µg mL-1 for empty MSN) confirmed. 

Cell viability experiments showed the polydopamine-coated drug loaded MSN was in fact more 

cytotoxic than free DOX. Similarly, the inhibitory effects of desipramine loaded MSN against 

acid sphingomyelinase, an enzyme which catalyzes the breakdown of one of the sphingolipids in 

the cell membranes in the myelin sheath, sphingomyelin, showed the nanocomposites were more 

effective than free drug.[48] 

Ross and co-workers used MCM-48, which has a cubic pore structure, coated with 

succinylated ε-polylysine for the colon specific release of prednisolone. At the relatively acidic 

pH values in the stomach and small intestine (1.9 and 5.0 respectively), the polymer covers the 

pore entrances. Ionization of the polylysine at pH 7.4, similar to what is observed in the colon, 

leads to expansion of the polymer matrix and thus drug release. Carrier toxicity was evaluated in 

RAW 264.7 macrophages as well as LS 174T and Caco-2 adenocarcinoma intestinal epithelial 
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cells and the particles were found to be biocompatible up to 100 µg mL-1. Using the cell 

membrane impermeable dye sulforhodamine B, it was found that the polymer coated particles 

were successfully internalized into all three cell lines through active transport.[49] 

Zhang et al. coated MSN with a polymer-lipid layer using Pluronic P123 grafted 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine. The system combined the pH sensitive 

phospholipid end group with the drug efflux transport inhibiting behavior of the block 

copolymer. Irinotecan, a drug used for colon cancer treatment, was encapsulated within the MSN 

and it was shown the particles entered MCF-7 and MCF-7/BCRP multidrug resistant cells 

through endocytosis. Once at endosomal pH, the polymer-lipid disassembles, leading to a burst 

release of drug. Pluronic copolymer has been shown to translocate into multidrug resistant cells, 

localize in the mitochondria, and inhibit complex I and IV in the respiratory chain. This leads to 

decreased oxygen consumption and therefore less ATP. The authors observed this phenomenon; 

the Pluronic P123 went on to deplete ATP levels and inhibit the drug efflux protein BCRP 

selectively in the multidrug resistant cells. Thus, drug could be effectively delivered and retained 

within cancer cells. In a BALB/c nude mice MCF-7/BCRP drug resistance tumor orthotopic 

xenograft model, the nanocomposites showed tumor reduction comparable to high doses of free 

drug (at a relatively lower dose) without the associated drop in survivability. Images of these 

tumors, the changes in tumor weight, tumor volume, mice body weights, survival curves, and 

histological analysis of the tumor tissue across all tested groups can be observed in the original 

publication.[50] 

Han et al. proposed a triple-stage targeted delivery system that used DOX loaded MSN 

modified with TAT peptide and acid-cleavable PEG groups. Additionally, an anionic shell 

consisting of galactose-modified poly(allylamine hydrochloride)-citraconic anhydride, a polymer 

with hepato-carcinoma-targeting and charge-reversal properties, was adhered to the positively 

charged MSN surface through electrostatic interactions. From the outside in, the PEG groups 

allowed for passive accumulation of the particles in tumor tissue where the slightly lower pH 

hydrolyzed the acid-cleavable linkage to the MSN surface. The freshly exposed galactose ligands 

then facilitated internalization into hepato-carcinoma cells and, in the more acidic lysosomal 

environment, lead to charge reversal and thus shedding of the polymer. Finally, the TAT peptide 

mediated delivery of DOX specifically into the nucleus, leading to cell death. In vitro apoptosis 

and cytotoxicity studies were conducted using QGY-7703 human hepato-carcinoma cells and 
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showed that, though the nanocomposite itself were nontoxic up to 1 mg mL-1, the drug loaded 

nanoparticles were more effective than free DOX. The novelty of this triple-stage delivery 

system is to address the rapid clearance from the circulating blood by opsonization and re-entry 

from tumors into the circulatory system resulting from poor cellular uptake and massive 

exocytosis of the intracellular cargos. In hepato-carcinoma xenograft bearing mice, the drug 

loaded nanoparticles showed both 10-40x higher accumulation in the tumor sites and markedly 

enhanced tumor reduction when compared to free drug.[51]  

In addition to polymer coatings on mesoporous silica materials, molecular caps have shown 

to have properties that can be exploited for controlled release applications. Chen and co-workers 

anchored adamantane to DOX MSN through a pH sensitive benzoic-imine bond, then capped the 

pores using ß-CD. At pH 7.4, the supramolecular complex successfully prevented drug release, 

though when the pH decreased the benzoic-imine bond was hydrolyzed and the pores uncapped. 

In the absence of this acid labile bond DOX release was not significantly affected by pH. In vitro 

cytotoxicity was evaluated in HepG2 and HeLa cancer cells and it was determined that these 

nanocomposites did not induce cell death at concentrations up to 10 mg mL-1. In both cell lines, 

cytotoxicity of the drug-loaded nanoparticles was comparable to free DOX. The necessity of the 

pH sensitive bond was demonstrated again; without the benzoic-imine anchored, the 

supramolecular adamantane-ß-CD assembly remained over the pores and no cytotoxicity was 

observed.[52]  

Khatoon et al. synthesized quaternary amine and carboxylic acid bearing MSN as a 

zwitterionic gatekeeper. The carboxylic acid group was anchored through an acid labile maleic 

amide linkage such that at physiological pH the particles were slightly negative, but upon 

entering the tumor microenvironment this bond cleaved. Here, the particles became positively 

charged and were able to undergo endocytosis. These zwitterionic particles by themselves were 

shown to be non-cytotoxic up to 200 µg mL-1 in SCC7 cells. When the MSN was charged with 

DOX cytotoxicity increased dramatically at pH 6.5 for 200 µg mL-1 particle concentration. In 

SCC7 tumor-bearing Sprague Dawley rats, the MSN were shown to accumulate in the tumor 

tissue owing to the enhanced permeability and retention (EPR) effect; however, though less, 

accumulation in the liver and kidneys was also observed. Doxorubicin loaded zwitterionic MSN 

proved to be more effective at reducing tumor volume in SCC7 tumor-bearing nude mice than 

free DOX and bare DOX loaded MSN.[53] 
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Lei et al. encapsulated DOX into MSN and then capped the pores with tLyP-1-modified 

tungsten disulfide quantum dots through benzoic-imine bonds. The tLyP-1 peptide served both 

as a tumor targeting and penetrating moiety, recognizing the upregulated NRP-1 on the cell 

membranes of tumor cells in nutrient deficient conditions and activate endocytosis through the 

CendR pathway. This allowed for drug delivery to be restricted to cancer cells. In the lower pH 

of the tumor microenvironment, the benzoic-imine bonds became labile, releasing the quantum 

dots from the surface, resulting in DOX delivery. Additionally, these tungsten disulfide quantum 

dots could also be used for deep penetrating near infrared light (NIR) triggered photothermal 

therapy. Effective endocytosis, biocompatibility, and acid-dependent drug release were 

determined in 4T1 cancer cells. These nanocomposites were more cytotoxic at pH 6.8 than at 

7.4, as opposed to free DOX, which was similarly cytotoxic regardless of pH. At higher DOX 

concentrations, the DOX loaded MSN was more toxic than free DOX. Near infrared light 

irradiation significantly enhanced this toxicity owing to the photothermal therapy contributed by 

the tungsten disulfide quantum dots. Studies using 4T1-cell-based multicellular tumor spheroids 

confirmed the deep-penetration tendency of the peptide modified quantum dots released from the 

DOX loaded MSN. These particles were shown to accumulate in the tumor tissue in a 4T1-

tumor-bearing mice model, but also in the liver. Upon NIR irradiation temperatures of ~47 ˚C 

was reached in the tumor, showing the efficacy of the system for photothermal therapy. All 

together, these nanocomposites displayed superior tumor inhibition, up to 93%, than free drug or 

photothermal therapy alone.[54]  

1.4.2     Redox Responsive Systems 

Owing to the difference in the reducing or oxidizing environment between healthy and 

diseased cells, a variety of redox responsive drug release systems have been developed. These 

systems take advantage of the presence of reactive oxygen species or GSH levels. For instance, 

extracellular GSH tends to be ~10 µM and the intracellular GSH concentration ranges from 1-10 

mM in normal cells, but in cancer cells these levels tend to be elevated.[55,56] Specifically, 

breast, head and neck, ovarian, and lung cancers display increased GSH concentrations, though 

brain and liver cancers exhibit lower GSH levels when compared to healthy cells.[57] 

Cleavage of a disulfide bond by intracellular GSH is a very popular method for redox 

responsive drug delivery. Kim and co-workers used a peptide with an induced turn structure as a 

gatekeeper for calcein loaded MSN. The authors demonstrated the turn structure efficacy with a 
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CPGC peptide sequence, which showed very little dye leakage in PBS. To generate a stimuli 

responsive system, a CGGC sequence was used instead. This peptide possessed a disulfide bond 

between the two cysteine residues which forced the chain into a loop over the MSN pores and 

prevented dye leakage in PBS. Upon the addition of 1 mM GSH, the disulfide bond was cleaved, 

the peptide adopted a random structure, and a burst release of dye was observed. In experiments 

without this disulfide bond, no apparent capping of the pores took place.[58] 

Transferrin was grafted to the MSN surface through a GSH cleavable disulfide bond by Chen 

et al. The protein could function as both an obstruction to drug leaching from the MSN pores and 

a targeting moiety owing to the upregulated transferrin receptors on cancer cell surfaces. These 

particles were loaded with DOX and showed a burst release with 10 mM GSH regardless of the 

pH. More than 90% cell viability was reported at MSN concentrations from 1-500 µg mL-1 in 

Huh-7 hepatoma cells, while the DOX loaded particles showed similar cytotoxicity to the free 

drug.[59] 

Mirkhani and co-workers attached a bioactive polyoxometalate (TBA)4H3[GeW9V3O40] 

antitumor drug, a low cost and novel inorganic molecule, which has demonstrated efficacy 

against U87 human glioblastoma brain cancer cells, to DOX loaded MSN through a disulfide 

bond. The MSN served as a vehicle into cells and provided a platform for the intracellular GSH 

responsive dual inorganic and organic drug release. An attached dye allowed for the tracking of 

the polyoxometalate in the cell environment and was used to confirm successful delivery into 

U87 glioblastoma cancer cells. Doxorubicin release was shown to be GSH concentration 

dependent with minimal leakage occurring in the absence of the reducing agent. In normal cells 

very little cytotoxicity was observed after treatment with the DOX loaded nanocomposites; 

however, in the U87 cancer cells significant cell death occurred.[60] 

Frequently the cargo of choice for these studies is fluorescent in order to track successful 

delivery into cells. Lai et al. developed a system where this was not the case by incorporating a 

fluorescence resonance energy transfer (FRET) system into MSN. The FRET donor-acceptor 

pair, coumarin and fluorescein isothiocyanate, were held in close proximity through the host-

guest interactions of an adamantane and ß-cyclodextrin (ß-CD). For the purposes of this study, 

DOX was used as a model drug. Coumarin was anchored to the MSN surface using a cysteine 

and the thiol was reacted with 1-adamantanethiol to form a disulfide bond. Fluorescein 

isothiocyanate-ß-CD was then added and the resulting host-guest interactions lead to effective 
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capping of the MSN pores. Under normal conditions, the proximity between the coumarin and 

fluorescein isothiocyanate resulted in FRET from coumarin to fluorescein isothiocyanate; 

however, in the intracellular reducing environment, cleavage of the disulfide bond by GSH 

resulted in a loss of FRET as the drug was released. These particles were shown to be non-

cytotoxic in HeLa cells up to 20 µg mL-1 and cell viability was inversely proportional to FRET 

signal across GSH concentrations.[61] 

Chen et al. capped MSN with a gadolinium-based bovine serum albumin complex that could 

act as both a drug delivery system and contrast agent for magnetic resonance imaging. 

Hyaluronic acid was also anchored to the surface and helped direct the particles towards cancer 

cells owing to the overexpressed CD44 receptors on the 4T1 cell surface. At elevated GSH 

concentrations, the cap is released owing to the disulfide bond cleavage. Biocompatibility up to 

500 µg mL-1 and effective endocytosis was demonstrated in 4T1 cancer cells, and the 

nanoaparticles showed favorable hemocompatibility. When loaded with DOX, the 

nanocomposites were more effective against 4T1 cells in vitro and in tumor-bearing mice when 

compared to free DOX. Indeed, mice that underwent treatment had no significant weight loss and 

histological studies showed no signs of inflammation or tissue lesions in the heart, liver, spleen, 

lung, or kidney of Balb/c mice after 1 week postinjection.[62] 

Another strategy is to utilize elevated levels of peroxide species to trigger drug release from 

MSN. Hu et al. co-loaded MSN with DOX and a reactive oxygen species generator α-tocopheryl 

succinate and blocked the pores using a ß-CD anchored through a thioketal. PEG was conjugated 

with adamantane and attached to the nanocomposites via host-guest interactions with the ß-CD. 

Upon exposure to the reactive oxygen species within cancer cells, some of these thioketals were 

cleaved, leading to DOX and α-tocopheryl succinate release, which caused the generation of 

additional reactive oxygen species. In this way, the system demonstrated self-accelerating drug 

release. This behavior was confirmed in MCF-7 human breast cancer cells, which are rich in 

reactive oxygen species, yet in 293T human embryonic normal cells very little DOX release or 

reactive oxygen species generation was observed. The carriers proved to be biocompatible up to 

100 µg mL-1 in both cell lines and, without the α-tocopheryl succinate, a 69% cell viability was 

still observed in MCF-7 cells for DOX loaded particles. In vivo experiments using MCF-7 

tumor-bearing nude mice established that the system was more effective at tumor volume 

reduction than free DOX without pathological abnormalities in the heart, liver, spleen, lungs, and 
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kidney or cardiotoxicity.[63] 

Metal chelators are a possible treatment for Alzheimer’s disease owing to the elevated levels 

of trace metals that attribute to the disease state, but the resultant subacute myelo-optic 

neuropathy limits their long-term use. To address this problem and take advantage of the 

increased levels of hydrogen peroxide associated with Alzheimer’s disease, Geng et al. used 

human IgG to cap clioquinol loaded MSN as a hydrogen peroxide responsive system. The MSN 

was first functionalized with phenylboronic acid groups, which then formed cyclic esters with 

the saccharide diols on the glycoprotein. Upon exposure to hydrogen peroxide, these esters 

oxidized to phenols, releasing the protein from the MSN surface and uncapping the pores. Cargo 

release was shown to be directly dependent on the hydrogen peroxide concentration. In rat 

pheochromocytoma PC12 cells, the presence of the drug loaded MSN showed zero premature 

release and, upon addition of hydrogen peroxide, increased cell survivability over the 

control.[64] 

1.4.3     Thermally Responsive Systems 

The advantage of a thermally responsive system is that heat stimuli can be targeted to a 

specific location, reducing drug release in healthy tissue, and the procedure is noninvasive. 

Generally speaking, these systems are advantageous if thermally responsive polymers are either 

grafted to or grafted from the MSN surface. A common selection in the literature is poly(N-

isopropylacrylamide) (PNIPAM), which has found extensive use in biomedical applications, 

though other methods are also prevalent.[65] 

Two types of MSN with differently sized pores (3.5 nm and 5.0 nm) were investigated by 

Ugazio et al. for the topical delivery of quercetin, an antioxidant. Thermally responsive 

PNIPAM-co-MPS [3-(methacryloxypropyl)trimethoxysilane] was radically polymerized inside 

the MSN mesopores such that at cutaneous temperatures the polymer chains collapsed and 

allowed for drug release. Biocompatibility was established in human keratinocyte HaCaT cells 

and the accumulation/permeation of the functional MSN was investigated through porcine skin, 

showing modest accumulation. The functional activity of released drug was evaluated relative to 

the antiradical and metal chelating activities, and it was determined that quercetin was still active 

upon release from MSN, indicating the potential of the silica carrier to shelter the antioxidant 

from degradation during storage. Although both the small and large pore MSN showed drug 

release, the MSN with 5.0 nm pores exhibited more thermoresponsive behavior.[66] 
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Ribeiro et al. combined MSN with imbedded fluorescent molecules (a perylenediimide 

derivative) with thermally responsive PEG-acrylate random copolymers to generate a 

temperature controlled drug release system. At temperatures below the LCST (37 ˚C in water), 

the polymer shell is hydrophilic and exists in an expanded matrix into which the loaded model 

molecule (sulforhodamine B) diffuses. Then, upon an increase in temperature to 40-50 ˚C, the 

polymer becomes hydrophobic and extrudes the model in a “pumping” mechanism which 

increased release rate in a controlled manner. Release kinetics were dependent on the polymer 

shell type: linear or cross-linked. While diffusion across the extended polymer did not depend on 

the shell thickness or structure, the “squeezing-out” of the cargo was faster in the case of the 

cross-linked polymer than either of the linear polymer systems studied.[67] 

Using the melting of a single helical peptide, de la Torre et al. were able to control the 

release of safranin O. The 17-mer peptide was specifically designed to preserve the tendency to 

fold into an α-helix and minimize alternative secondary structures, resulting in a final H-

SAAEAYAKRIAEALAKG-OH sequence. Zero dye release was observed at temperatures 

between 4 and 40 ˚C, when the peptide was in a helical conformation. With an increase in 

temperature above 40 ˚C, the peptide transitioned into a random coil and safranin O diffused out 

of the MSN. This transition from α-helix to random coil was shown to be reversible; thus, the 

nanocomposites were reloaded with additional dye and the release profile was similar to that 

observed initially, indicating the reusable potential of this system.[68] 

Similarly, Kros and co-workers used a coiled-coil peptide motif as a thermally responsive 

valve for the controlled release of fluorescein. Simple MSN was modified with thiol groups via a 

post synthetic grafting method and the first peptide [C(EIAALEK)3] was anchored to the surface 

through a disulfide bond. To minimize premature leakage, it was important to attach the peptide 

close to the silica surface. After fluorescein loading, the complimentary peptide [(KIAALKE)3], 

or this peptide with an added PEG group, was added and formed a coiled-coil complex with the 

anchored peptide. Near zero fluorescein release was observed at 20 ˚C, even after 4 h, but when 

the coiled-coil complex melted at 80 ˚C, the model compound diffused very quickly from the 

pores.[69] 

1.4.4     Light Responsive Systems 

Light is an attractive stimulus owing to its noninvasive nature, deep tissue penetration, and 

the ease with which a specific location can be targeted. Upon exposure to a designated 
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wavelength, certain bonds can isomerize or break, leading to drug release in systems where 

capping agents are attached through such bonds. Alternatively, exposure to specific wavelengths 

can induce a change in the local environment, leading to drug release through a secondary 

mechanism. 

Guardado-Alvarez et al. functionalized MSN with a hydrophobic coumarin-based molecule, 

which could non-covalently associate with ß-cyclodextrin (ß-CD), resulting in MSN pore 

blockage. One or two photon excitation could cleave the bond through which the coumarin was 

anchored, resulting in uncapping and cargo release. Rhodamine B was used as a model 

compound to study the release kinetics. No rhodamine B or free coumarin derivative were 

observed without laser irradiation, even when the system was heated, indicating removal of the 

snap-top is indeed caused by the laser light.[70]  

Using a singlet oxygen sensitive bis(alkylthio)alkene linker, Kim and co-workers covalently 

anchored the model drug 5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid to the MSN 

surface. Zinc phthalocyanine was loaded into the pores and, upon exposure to light between 600-

700 nm, generated singlet oxygen which cleaved the linker and resulted in drug release. Stability 

of the photosensitizer was determined by exposing zinc phthalocyanine loaded MSN without 

further modification to a longpass-filtered halogen lamp in medium with 10% serum.  The 

residual photosensitizer was then leached out into dimethyl sulfoxide and the concentration 

determined using UV-Vis absorption. Nonspecific release of the zinc phthalocyanine was not 

observed until after 6 h of incubation, indicating MSN delivery system ensured high stability of 

the loaded photosensitizer. Photoirradiation was shown to dramatically increase drug release, 

reaching approximately 90% after 3 h of irradiation as opposed to only 10% over the same time 

in the dark.[71]  

He et al. generated a system whereby a photoinduced pH jump released graphene oxide from 

the MSN surface to uncap the pores. A photoacid generator was loaded into the pores with the 

model drug DOX and the graphene oxide sheets were anchored to the surface through an acid-

labile boroester linkage. The graphene oxide itself was functionalized with amine terminated 

PEG, to which folic acid was attached to decrease nonspecific uptake. Very little cellular uptake 

was observed in L02 cells with low cytotoxicity in HeLa cells without: ultraviolet (UV) light 

irradiation, DOX loading, or photoacid generator loading. The complete system, however, 

showed a high killing efficacy against cancerous cells.[72]  
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A calcium phosphate gatekeeper was employed by Choi et al. for the smart delivery of nitric 

oxide and used in a corneal wound-healing study. Diazeniumdiolates were attached to the MSN 

surface, a pH-jump reagent 2-nitrobenzaldehyde was loaded into the pores, and the surface was 

coated with calcium phosphate (MSN-CaP-NO). Upon UV irradiation, the 2-nitrobenzaldehyde 

undergoes an intramolecular excited-state hydrogen transfer, which then drops the local 

environmental pH and dissolves the calcium phosphate. The previously sheltered 

diazeniumdiolates are thus exposed to physiological conditions, under which they are known to 

decompose, resulting in the generation of nitric oxide. In vitro studies showed the 

nanocomposites were biocompatible; in fact, cell viability increased to 175% with UV 

irradiation, indicating the system’s therapeutic potential. Particles that had been pre-activated 

with UV light were then administered topically to treat corneal wounds, showing both successful 

re-epithelialization and rapid clearance. A schematic representation and wound-healing results 

from in vivo experiments are shown in Figure 1.2.[73] 

Stoddart and co-workers developed a multifunctional system that served as both an imaging 

agent and a drug release vehicle. Paclitaxel was loaded into the MSN and a ruthenium(II) 

dipyridophenazine complex immobilized over the pores through a monodentate ligand, 

benzonitrile, which had been covalently attached to the MSN surface. The ruthenium complex 

had a dual purpose: it served as a luminescent imaging agent and a deoxyribonucleic acid (DNA) 

intercalator. Unlike the free complex, the MSN bound ruthenium(II) dipyridophenazine showed 

luminescence in water due to shielding from the MSN surface. When exposed to visible light, the 

complex underwent a selective ligand exchange of the benzonitrile with water, leading to 

uncapping of the pores and release of both anticancer molecules. Cytotoxicity against two strains 

of breast cancer cells was tested. In the dark, empty MSN showed no significant cytotoxicity 

against MDA-MB-231 cells and only some cytotoxicity against MDA-MB-468 cells; however, 

upon light activation cytotoxicity in both cell lines increased dramatically. It should be noted that 

these particles were still less effective than free paclitaxel, perhaps due to the delayed cargo 

release from the nanoparticles in a cellular environment.[74] 
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Figure 1.2. In vivo corneal wound-healing effects of pH@MSN-CaP-NO. (a) Schematic 
description of overall in vivo experiments. (b) Representative images of corneal wounds treated 
with light-exposed PBS (control), pH@MSN-CaP, and pH@MSN-CaP-NO. (c) Quantification 
of the wounded area after treatment with light-exposed PBS (control), pH@MSN-CaP, and 
pH@MSN-CaP-NO. Reprinted with permission from Choi, H. W., Kim, J., Kim, J., Kim, Y., 
Song, H. B., Kim, J. H., Kim, K. and Kim, W. J. (2016). Light-induced acid generation on a 
gatekeeper for smart nitric oxide delivery, ACS Nano, 10, pp. 4199-4208. Copyright 2016 
American Chemical Society. 
 

1.4.5     Biostimuli Responsive Systems 

Some groups have generated drug delivery systems that release cargo in response to 

biological molecules such as enzymes. Though diverse, these mechanisms tend to be highly 

specific by nature.  

Bhat et al. functionalized the surface of anticoagulant loaded MSN with a peptide containing 

a thrombin-specific cleavage sequence to delay the blood clotting process. Acenocoumarol was 

loaded into the MSN pores and then a LVPRGS containing peptide was attached to the surface 

through “click” chemistry, effectively preventing anticoagulant leakage prior to thrombin 

exposure. The enzymatic concentration needed to be at least 100 nM to trigger drug release (for 

reference, thrombin concentrations in human blood are ~1 nM under normal conditions and >500 

nM during clot formation); hence this system could remain dormant in the blood and become 

active only during coagulation. In rabbit blood plasma, the peptide functionalized MSN induced 
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no coagulation, while in the presence of human thrombin, clotting was slowed from 2.6±0.3 min 

with just calcined MSN to 5.0±0.3 min with the thrombin triggered nanocomposite.[75] 

Zink and co-workers used the FB11 anti-O-antigen antibody for the O-antigen of the 

lipopolysaccharide of Francisella tularensis (FT), the causative agent of tularemia and a Tier 1 

Select Agent of bioterrorism, as a nanovalve for fluorescein release. Broadly, this system would 

release antibiotics only in response to a specific pathogen and at the specific site of infection. 

Modified FT lipopolysaccharide O-antigen was attached to the MSN surface and the antibody 

capped the pores through non-covalent antibody-antigen interactions. This prevented antibiotic 

leakage under normal conditions, but in the presence of natural O-antigen, a competitive 

displacement of the antibody cap occurred, resulting in cargo release. In live Francisella 

tularensis, the MSN nanocarriers released nearly 100% of their loaded cargo in only 1 h, while 

very little release was observed when the particles were incubated with live Francisella 

novocida, a closely related bacteria with similar O-antigen structures.[76] 

With the goal of generating a stimuli-responsive pulsatile delivery system, Villalonga and co-

workers used a lactose-modified esterase to cap the pores of loaded MSN through boronic acid 

cyclic ester bonds with the lactose residues. Release could be triggered in two waves: 

displacement of the lactose with D-glucose leading to partial uncapping of the pores, then acid-

induced cleavage of the boronic acid cyclic esters with addition of ethyl butyrate, which is 

converted to a butyric acid by the esterase and decreases the local pH. Both result in removal of 

the neoglycoesterase from the MSN and thus uncapping of the pores. Some leakage was 

observed in HeLa cells, which is attributed to the slightly acidic microenvironment hydrolyzing 

some of the ester bonds, but overall the DOX loaded carriers were non-cytotoxic in the absence 

of trigger molecules. Treatment with D-glucose induced moderate cell death while ~50% of cells 

were either dead or in the process of cell death after the addition of ethyl butyrate.[77]  

Anchoring a sandwich-type DNA structure composed of two single stranded DNA arms and 

an adenosine-5’-triphosphate (ATP) aptamer to the surface of Ru(bipy)3
2+ loaded MSN, He et al. 

designed a potential drug release system that responded to ATP. In the absence of ATP, the pores 

were tightly capped by the DNA complex and showed no premature dye leakage, but when ATP 

was added to the system release promptly occurred. This is due to the preferential binding of the 

aptamer to ATP, which leaves only the short, flexible single stranded DNA on the MSN surface, 

allowing for diffusion out of the pores. The system showed good selectivity for ATP over ATP 
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analogues and stability in mouse serum.[78] 

In a unique example using MCM-48 with a cubic pore structure, Popat et al. used bacterial 

azoreductase to release a sulfasazine prodrug for inflammatory bowel disease treatment. The 

cubic pore structure showed superior adsorption capacity and mass transport over the two-

dimensional hexagonally structured pores of the more commonly used MCM-41. Only in the 

presence of the enzyme is the covalently bound prodrug released, preventing the possibility of 

premature drug leakage. Once released, the sulfasalazine can be reduced to 5-aminosalicylic acid 

and sulfapyridine selectively inside the colon. In simulated intestinal fluid, the system showed no 

pH dependence with zero release at both pH 1.2 and 7.4. The presence of azoreductase resulted 

in a release of 32 mg of 5-aminosalicylic acid per gram MSN.[79] 

Willner and co-workers developed a biomarker responsive drug delivery device based on 

hairpin DNA structures. The biomarkers could either be the complimentary nucleic acid strand or 

an aptamer substrate and, upon drug release, the biomarkers were released as well. These could 

then go on to trigger additional pore uncapping (Scheme 1.3). Some leakage was observed in all 

models. The system efficacy was tested in both MDA-231 breast cancer cells and MCF-10a 

normal breast cells using camptothecin as a model drug and significantly higher cell death was 

observed in the cancer cells owing to their increased metabolic activity and thus biomarker 

concentration. Approximately 25% of normal cells, however, also died.[80] 

Cai and co-workers took advantage of overexpressed matrix metalloprotease 2 in the tumor 

microenvironment to generate a multilayered drug delivery vehicle. Doxorubicin loaded MSN 

were functionalized with folic acid and then coated in crosslinked gelatin. To this biopolymer 

PEG was conjugated, which increases the particle biocompatibility but decreases endocytosis. 

Thus, the particles were stable in the absence of the enzyme and very little DOX release was 

observed in human L02 human normal liver cells or in HT-29 human colon cancer cells with a 

matrix metalloprotease inhibitor. No hemolysis was observed after 3 h even with particle 

concentrations of 3,200 µg mL-1 owing to this PEG layer. However, when the enzyme digested 

the gelatin, the PEG was shed and the underlying folic acid exposed, leading to endocytosis into 

cancer cells and significant cell death in HT-29 cells. In vivo studies in a HT-29 mouse xenograft 

tumor model showed the folic acid functionalized, gelatin coated, PEG conjugated MSN in its 

entirety was more effective than even free DOX in tumor reduction with no statistically 

significant body weight loss.[81]   
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Scheme 1.3. Unlocking of hairpin-capped mesoporous SiO2 NPs and the release of rhodamine B, 
RhB, using an analyte–DNA biomarker (2) as activator for opening the hairpins and 
implementing Exo III as biocatalyst for the regeneration of the DNA–biomarker. Reprinted with 
permission from Zhang, Z., Balogh, D., Wang, F., Sung, S. Y., Nechushtai, R. and Willner, I. 
(2013). Biocatalytic release of an anticancer drug from nucleic-acids-capped mesoporous SiO2 
using DNA or molecular biomarkers as triggering stimuli, ACS Nano, 7, pp. 8455-8468. 
Copyright 2013 American Chemical Society. 
 

1.4.6     Other Controlled Release Systems 

Aside from pH, redox, thermal, light, and biostimuli responsive systems, a variety of other 

controlled release mechanisms have been investigated. 

Paik and co-workers used α-synuclein coated gold nanoparticles to prepare protein mediated 

“raspberry-type” MSN nanocomposites for Ca2+ ion controlled drug release. α-Synuclein is an 

amyloidogenic protein that is responsible for the Lewy body formation in Parkinson’s disease. In 

this system, it also tightly capped the gold nanoparticles over the MSN pores in an acid-stable 

manner. In the presence of divalent cations the protein’s conformation changed, such that the 

hydrodynamic diameter of the gold-protein nanocomposites decreased by 2 nm, opening the 

MSN pores while remaining attached to the MSN surface. Calcium was chosen because there is a 

relatively high intracellular concentration of free ions within the cytoplasm and surges in calcium 

concentration have been implicated in cancer, neurodegenerative diseases, and cardiovascular 

diseases. No release was observed without Ca2+ or in the presence of ethylenediaminetetraacetic 

acid, Na+, or K+ ions. In vitro studies were done using DOX as a model drug in HeLa cells. The 

carriers were determined to be biocompatible; however, DOX loaded nanoparticles were 

cytotoxic, especially in the presence of an endoplasmic reticulum Ca2+ pump inhibitor 

thapsigargin, which increases the intercellular Ca2+ concentration. When a membrane permeable 

Ca2+ chelator was added, very little cytotoxicity was observed.[82]  

Huang et al. used carboxylate-substituted pillar[6]arene-valved MSN functionalized with 

dimethylbenzimidazolium or bipyridinium stalks for the pH, metal ion, and, most interestingly, 
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competitive binding mediated release of DOX. The supramolecular nanovalve dethreaded when 

exposed to 1,1’-dimethyl-4-4’-bipyridinium, which took the place of the stalks in both systems 

as the guest inside the pilararene. Alone, the pilararene functionalized MSN was shown to be 

biocompatible in A549 cells.[83]  

Cytosine-rich DNA was grafted onto the surface of MSN as a smart molecule-gated system 

for drug release by He et al. The cytosine groups hybridized into metal-dependent pairs, 

mediated by Ag+ ions, which could be displaced with thiol-containing molecules. This resulted 

in the loss of the Ag+-induced duplex structure and thus guest molecule release. It was found that 

this process was entirely reversible, so the nano-containers could be reloaded and used again. 

The authors demonstrated successful endocytosis, biocompatibility, and release of a model 

compound, Ru(bipy)3
2+, into HeLa cells.[84] 

Li and co-workers synthesized hierarchically structured MSN by controlling the feeding ratio 

of pre-prepared MSN and the second addition of the silica precursor. The resulting particles 

possessed two layers with different pore sizes, with some of the pores in the inner layer of silica 

becoming blocked by deposition of the outer layer, and variable thicknesses of the outer layer. 

Particles with thinner outer layers displayed a burst release of the model drug DOX before 

tapering off, while thicker silica outer layers resulted in sustained release with near zero-order 

pharmacokinetics. Successful delivery of DOX into HeLa cells, as well as biocompatibility of 

the DOX-free MSN, was demonstrated.[85] 

In work done by Vallet-Regi and co-workers, ultrasound was used to release DOX molecules 

from MSN coated with the random copolymer of 2-(2-methoxyethoxy)ethyl methacrylate and 2-

tetrahydropyranyl methacrylate. The thermally responsive 2-(2-methoxyethoxy)ethyl groups 

allowed the MSN to be loaded at 4 ˚C, when the copolymer is in an extended, random coiled 

state, but collapse over the pores at physiological pH, blocking the pore entrances. The polymer 

was first synthesized, then attached to a silane, which was post synthetically grafted onto the 

MSN through silanol chemistry. Upon ultrasound irradiation, the hydrophobic tetrahydropyranyl 

groups were cleaved, which led to an increase in the lower critical solution temperature above 37 

˚C and thus the transition of the polymer gates from compact (hydrophobic) to extended 

(hydrophilic). Without drug loading, the polymer coated MSN showed biocompatibility up to 

500 µg mL-1 and the ultrasound irradiation did not harm LNCaP human prostate cancer cells. 

Without ultrasound exposure, cell viability remained high with DOX loaded MSN, but dropped 
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significantly with ultrasound, indicating successful, on demand release of DOX into cells.[86]  

1.4.7     Multistimuli Responsive Systems 

In many instances, a combination of stimuli has been employed to increase the specificity of 

drug release. 

Taking advantage of several traits of the tumor microenvironment, Zhang and co-workers 

engineered a targeted drug delivery system. At the MSN surface a ß-CD was anchored through a 

disulfide bond, and then a peptide sequence containing an RGD motif and matrix 

metalloproteinase substrate PLGVR was attached using the host-guest interactions between the 

ß-CD and an adamantane. To this, a polyanion, polyaspartic acid, was attached. The polymer 

served as a protective layer that prevented nonspecific cell uptake and was shed in the presence 

of matrix metalloproteinase, which hydrolyzes the PLGVR peptide sequence. This exposed the 

RGD peptide, which could bind to the overexpressed integrin receptors on the cancer cells. Once 

inside the cell, high levels of GSH cleaved the disulfide bond, removing the ß-CD from the MSN 

pores and allowing for drug release. These particles were effectively internalized by SCC-7 

squamous cell carcinoma cells and HT-29 human colon cancer cells and the loaded DOX was 

successfully released, resulting in high cytotoxicity. Human embryonic kidney 293 transformed 

cells, on the other hand, did not experience cytotoxicity when treated with DOX loaded particles. 

Indeed, no uptake into the noncancerous cells as observed at all.[87] 

By capping DOX loaded MSN with hyaluronic acid through a disulfide bond, Yang et al. 

generated a system that could effectively deliver DOX into DOX-resistant MCF-7/ADR human 

breast cancer cells. The particles could accumulate at the tumor site through the enhanced 

permeation and retention (EPR) effect, enter cells through active transport, and effectively 

escape from the endosomes due to a histidine moiety on the hyaluronic acid coating. Once in the 

cytoplasm, dual responsive release occurred owing to hyaluronidase digestion of the biopolymer 

and cleavage of the disulfide bond by intracellular GSH. The carriers themselves were shown to 

be biocompatible, while DOX loaded MSN was cytotoxic. In MCF-7/ADR tumor-bearing mice, 

the MSN nanocomposite showed more effective tumor reduction than free DOX without the 

accompanying weight loss.[88]  

Du and co-workers developed a γ-CD based simultaneous cascade drug delivery system in 

which the γ-CD served as both a cap for the MSN mesopores and a drug carrier itself. MSN was 

co-modified with GSH cleavable disulfide linked carbamoylphenylboronic acid groups and 
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amines. The γ-CD secondary hydroxyls were able to bind to the boronic acid moieties with the 

assistance of the amines at physiological pH, and at acidic pH the boronate bonds hydrolyzed. In 

addition, the drugs inside the γ-CD cavity were protonated and expelled from the cavity. 

Alternatively, monosaccharides could competitively bind to the phenylboronic acid, supplanting 

the γ-CD and uncapping the MSN pores. Finally, in the presence of a reducing agent the 

disulfide bond could be cleaved, yielding the same result. Synergistically, dual drug release 

could be accomplished under a variety of cancer characteristic conditions. High GSH levels and 

a weakly acidic environment in A549 tumor cells demonstrated the efficacy of the system in 

vivo.[89] 

Combining the desirable properties of gold nanoparticles and MSN, Wang et al. used 

carboxylatopillar[5]arene modified gold nanoparticles to cap the pores of quaternary ammonium 

salt functionalized MSN. The positively charged salt was encircled by the electron-rich 

carboxylatopillar[5]arene cavity, effectively holding the gold nanoparticle over the mesopores 

and preventing premature drug release. In the presence of a competitive binding agent, in this 

case ethanediamine, this host-guest interaction was disrupted, leading to rapid cargo release. 

External heat could also be used to disrupt this interaction. In this way, irradiation of the gold 

nanoparticles accomplished both local hyperthermia and drug release in in vivo drug delivery 

applications.[90] 

Using a light responsive azobenzene derivative, ß-CD, and diimine, Liu and co-workers 

developed a drug delivery system that displayed AND logic. That is to say, both light irradiation 

and decreased pH were required for substantial drug release to occur. The azobenzene was 

covalently attached to the MSN surface and served as a guest for the ß-CD, which was also 

anchored to the surface through a diimine bond. Upon light irradiation, the azobenzene 

underwent a trans- to cis- isomerization and was ejected from the ß-CD core; however, the ß-CD 

remained over the pore entrances and thus blocked drug release. In the instance of a decrease in 

pH, the diimine bond was hydrolyzed, but the host-guest interactions between the azobenzene 

and ß-CD kept the pores covered. Only with both stimuli were the pores uncapped, though this 

process proved to be reversible such that cargo delivery could be achieved incrementally. Dye 

loaded particles were injected into zebrafish tail veins and the AND logic requirement was 

demonstrated in vivo.[91] 
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Ma et al. used single stranded DNA anchored to the MSN surface through a disulfide bond to 

control the release of loaded DOX. A 33-mer DNA strand hybridized with the anchored single 

strand 15-mer DNA to block the pore entrances. Heating the system above the DNA melting 

temperature or exposure to reducing agents triggered shedding of the cap and subsequent drug 

unloading. The carriers themselves were shown to be effectively endocytosed into HeLa cells 

and biocompatible. Doxorubicin delivery was also demonstrated through the enhanced 

cytotoxicity of DOX loaded MSN (10% cell viability after 48 h).[92] 

Hei et al. developed a series of PEG conjugated poly(acrylamide-co-acrylonitrile) polymers 

with an upper critical solution temperature of 42 ˚C and anchored them to the MSN surface 

through a reductively cleavable disulfide bond. At physiological temperatures, the polymer 

existed in a globular, hydrophobic state, which collapsed over the mesopores and prevented 

premature drug release. With local heating or the addition of a reducing agent, the polymer either 

became hydrophilic and extended away from the pores or was cleaved from the surface entirely. 

Either stimulus resulted in drug release. These particles were shown to be noncytotoxic to SK-

BR-3 breast cancer cells at both 37 ˚C and 42 ˚C. Successful endocytosis into this cell line was 

also observed. When loaded with DOX, the system proved highly cytotoxic when triggered 

either by an increase in temperature above the upper critical solution temperature or the addition 

of GSH.[93]  

Using a crosslinked polymer that was thermally, redox, and pH sensitive, Chang et al. 

developed a triply responsive drug delivery system for targeting the tumor microenvironment. 

The polymer shell used was a copolymer of the thermally responsive N-vinylcaprolactam and pH 

responsive methacrylic acid crosslinked through disulfide bonds. These two components affect 

each other such that when the pH becomes more acidic the volume phase transition temperature 

drops. The result is that when the particles enter the more acidic tumor microenvironment of 

lysosomes, the transition between hydrophilic and hydrophobic occurs at a temperature below 37 

˚C, leading to drug release. Additionally, in the presence of 10 mM GSH (intracellular 

conditions), the polymer shell is shed entirely. At standard physiological conditions only 5% of 

the loaded DOX was released, while at pH 6.5, 37 ˚C, and 10 mM GSH nearly 100% release was 

achieved. PEG groups were attached to the polymer shell and the nanocomposites were shown to 

be biocompatible in MCF-7 cancer cells and 293 normal cells up to 500 µg mL-1. The DOX 

loaded particles displayed high cytotoxicity against MCF-7 cancer cells, but were noncytotoxic 
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in 293 cells.[94] 

1.4.8     Delivery of Macromolecules 

Macromolecular therapeutics possess many advantages, such as increased specificity in their 

action and decreased interference with normal biological processes. Nevertheless, delivery of 

macromolecules can prove difficult due to their fragility and large size. Thus, modifications to 

the MSN are typical. The delivery of proteins using MSN has been recently reviewed.[95] 

To achieve fast and painless transdermal administration of insulin for diabetes treatment, Xu 

et al. used insulin and glucose oxidase loaded MSN integrated with microneedles. Upon 

insertion into the skin, the microneedles released the MSN into the tissue. The MSN surface was 

modified with 4-(imidazoyl carbamate)phenylboronic acid pinacol ester, which served as a host 

for α-CD (the pore capping agent). The glucose oxidase generated hydrogen peroxide during the 

conversion of glucose to gluconic acid, which oxidized the phenylboronic ester and disrupted the 

host-guest interaction between the ester and α-CD, leading to pore uncapping. A rapid release of 

insulin was observed at a hydrogen peroxide concentration of 5 mM and at a glucose 

concentration of 20 mM, with minimal release observed in the absence of both. The 

hypoglycemic effect was investigated in diabetic rats and indicated that the MSN delivered 

transdermally from the microneedles dropped the blood glucose levels into the normal glycemic 

range. These levels were sustained for 4.5 h, much longer than the duration obtained from the 

subcutaneous injection. Glucose oxidase was essential for successful insulin release.[96] 

Stroeve and co-workers used pore expanded MCM-41 type MSN for the controlled release of 

bovine hemoglobin. Trimethylbenzene was added during the MSN synthesis as a pore expanding 

agent, resulting in worm-like mesopores approximately 15 nm in diameter, which is sufficiently 

large to encapsulate 5 nm bovine hemoglobin. The interior of the pores was selectively 

functionalized with PEG groups, which decreased the amount of protein directly adsorbed to the 

silica surface and improved protein release. Since proteins can denature when adsorbed onto 

glass surfaces, surface PEGylation assisted in maintaining the protein’s secondary structure. In 

order to better control protein release from these particles PNIPAM was grafted on the surface 

and partially blocked the pores below the 37 ˚C, the LCST. Above this temperature, proteins 

diffused from the pores more quickly and a higher percentage was released due to a lack of 

physical restriction.[97] 
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Using a GSH cleavable disulfide bond, Griebenow and co-workers covalently immobilized 

sulfosuccinimidyl 6-[3’(2-pyridyldithio)-propionamido]-hexanoate modified carbonic anhydrase 

inside the thiol functionalized MSN pores through a thiol-disulfide interchange. Near zero 

enzyme release was observed in PBS alone or in the presence of 1 µM GSH, simulating 

extracellular plasma conditions. However, at 10 mM GSH (intracellular conditions), nearly 

100% of the carbonic anhydrase was released over 500 h, and the released enzyme retained most 

of its activity. Biocompatibility of the enzyme-MSN particles was demonstrated in HeLa 

cells.[98] 

Deodhar et al. took a different approach to large protein delivery and loaded the dissociated 

subunits of a model protein, Concanavalin A, into pore-expanded MCM-41 type MSN. Similar 

to the pore-expanding method above, mesitylene was used during the synthesis, resulting in 

hexagonally ordered pores with a bimodal pore distribution (5.8 nm and 15.9 nm). It was 

demonstrated that these dissociated protein subunits were effectively sheltered from proteases 

within the MSN pores and, upon release, reassociated into active protein.[99]  

Chen et al. used MSN as a carrier for transactivator protein conjugated superoxide dismutase. 

Transactivator protein served to internalize the nanocomposites within cells via a transactivator 

protein-mediated nonendocytosis mechanism, thereby avoiding any degradation inside 

endosomes. The MSN was labeled with fluorescein isothiocyanate and a nitrilotriacetic acid, 

which reacted with nickel metal ions and allowed the histidine tagged protein complex to bind 

tightly to the MSN surface. In this way, the protein complex could be purified and conjugated to 

the MSN in a single step. Superoxide dismutase was denatured with concentrated urea such that 

no extracellular activity was observed. Once inside the cell, intracellular chaperones such as 

Hsp90 refolded the enzyme and functionality was restored. This effective delivery and 

restoration of activity was demonstrated in HeLa cells, where the ability of the MSN-protein 

complex to protect cells from oxidative damage was observed.[100] 

Instead of conventional MSN, Kwon et al. used iron oxide nanoparticles as seeds for the 

ethyl acetate mediated growth of extra-large pore (30 nm) MSN. The large pores allowed for 

significantly higher protein loading than conventional MSN. Although the extra-large pore MSN 

induced some reactive oxygen species, no pro-inflammatory cytokines were generated in bone 

marrow-derived macrophages. These particles were loaded with the cytokine IL-4, which was 

delivered into macrophages for the purpose of M2 macrophage polarization. On its own, IL-4 has 



 28 

a very short half-life, but sheltering inside the MSN allowed for extended protein release. It was 

found that IL-4 loaded MSN injected intraperitoneally showed no toxicity and effective M2 

macrophage polarization in mice.[101]   

In an interesting example, Hartono et al. used poly-L-lysine modified large pore MSN with a 

cubic mesostructure for the delivery of siRNA against minibrain-related kinase and polo-like 

kinase 1 in osteosarcoma KHOS cancer cells. A cubic mesostructure was selected because the 

interconnected pores are less likely to become blocked upon modification with a polymer. Using 

mesitylene as a swelling agent, the authors were able to obtain particles with 27.9 nm cavities 

and 13.4 nm pore entrances. The polycation was grafted to the MSN surface and showed high 

RNA loading due to electrostatic interactions as well as specific binding between the polymer 

and the adenine-thymine sequences. Unfortunately, these same interactions decreased siRNA 

release efficiency in this system, though effective inhibition of KHOS cell growth was still 

observed (cell viability reduced by 30%). The particles alone showed effective cell uptake and 

high biocompatibility up to 100 µg mL-1.[102] 

1.5     Hollow Silica 

In order to increase the loadable volume, MSN can be synthesized around a preexisting 

nanoparticle, which is subsequently removed to leave a hollow chamber accessible by 

mesopores. Typically, these sacrificial templates are removed through calcination, as is the case 

with polystyrene, or chemical etching.[103] The resulting hollow MSN maintains the benefits of 

MSN, such as reactive surface silanol groups and increased drug loading capabilities.  

Lu and co-workers took octadecyl-functionalized hollow MSN and applied a coating of the 

amphiphilic block copolymer of [7-(didodecylamino(coumarin-4-yl] methyl methacrylate with 

hydroxyethylacrylate and N-(3-aminopropyl) methacrylamide hydrochloride. The polymer was 

functionalized with folic acid, which targeted folate receptor expressing cancer cells, and served 

a dual purpose: tracking the particles via the coumarin moiety fluorescence and removable 

capping of the hollow MSN mesopores which prevented premature drug leakage. Upon 

excitation by a femtosecond NIR light laser, the polymer degrades via a two-photon absorption 

process also arising from the coumarin moiety. Doxorubicin was loaded into the hollow core and 

negligible release was observed in the dark. Upon exposure to NIR light, ~60% of the loaded 

DOX was released into phosphate buffer saline (PBS) at 37 ˚C and, in experiments with KB 

cells, cell viability decreased dramatically when incubated with DOX loaded hollow MSN and 
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exposed to NIR light. This is more notable when the high cell viability of non-DOX loaded 

hollow MSN irradiated with NIR light and DOX loaded hollow MSN in the dark. It was also 

observed that the folic acid functionalized particles were internalized into folic acid receptor 

expressing KB cells vs. almost no endocytosis into A549 cells.[104] 

In a recent study, Geng et al. reported methods for controlling the shape of hollow MSN with 

multifunctional capping. Sacrificial Fe2O3 templates with varying shapes (capsules, ellipsoids, 

rhomboids and cubes) were used to synthesize hollow MSN which replicated the shape of the 

template. The silica was then functionalized with PEG, to improve biocompatibility, and folic 

acid, for targeting tumor cells that overexpress folate receptors. Doxorubicin was used as a 

model drug and demonstrated a pH dependent release, owing to the disruption of the electrostatic 

interactions between the drug and silica at lower pH, with cubic hollow MSN showing the fastest 

release rate. It was shown that the nonspherical shapes enhanced cellular uptake into HeLa cells 

over more traditional spherical particles, with rhombus-like particles showing the highest 

intercellular efficacy. It is proposed that the sharp corners might facilitate membrane 

deformation and thus initiate endocytosis more efficiently. All four shapes showed negligible 

cytotoxicity in A549 and HeLa cells without DOX.[105] 

Guo et al. produced DOX loaded carboxylic acid functionalized hollow MSN and used 

insoluble calcium salts (calcium carbonate and hydroxyapatite) to cap the pores. These materials 

are both biocompatible and pH sensitive, becoming soluble in the weakly acidic cancer cell 

microenvironment and dissolving, leading to sustained drug release over 5 days. Both the 

calcium carbonate and hydroxyapatite coated DOX loaded MSN showed low cytotoxicity in 

V79-4 normal cells; however, in Hep G2 cancer cells substantial cell death was observed. The 

specificity of DOX towards cancer cells was also improved by loading the drug onto hollow 

MSN, and, though not specifically functionalized to target cancer cells, the EPR effect lead to an 

accumulation of particles in cancer cells over normal cells.[106]  

Cai and co-workers generated a cascade pH-responsive system in which DOX loaded hollow 

MSN was coated in two layers. First, a ß-CD was attached to the surface through a boronic acid-

catechol ester to act as a gatekeeper. Second, an adamantane conjugated PEG group was attached 

through the hydrophobic interactions between the adamantane and ß-CD core and served to 

increase biocompatibility. The PEG and adamantane were linked through a benzoic imine bond, 

which is stable under normal biological conditions but cleaves in the slightly acidic tumor 
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microenvironment; thus, the PEG group can be shed upon reaching the tumor site, facilitating 

cellular uptake. This process is illustrated in Scheme 1.4a. Once inside the cancer cell lysosomes, 

the even lower pH hydrolyzes the ester bond and uncaps the pores, releasing DOX (Scheme 

1.4b). The in vitro and in vivo results showed the carrier had minimal toxic side effects while the 

DOX loaded particles successfully inhibited tumor growth in nude mice with less weight loss 

and an increased survival time over free DOX.[107] 

 

 

Scheme 1.4. (A) Fabrication of cascade pH-responsive HMSNs-based drug delivery system; and 
(B) Schematic illustration of drug delivery process of HMSNs-b-CD/Ada-PEG system under 
tumor microenvironment in vivo. Reprinted with permission from Liu, J., Luo, Z., Zhang, J., 
Luo, T., Zhou, J., Zhao, X. and Cai, K. (2016). Hollow mesoporous silica nanoparticles 
facilitated drug delivery via cascade pH stimuli in tumor microenvironment for tumor therapy, 
Biomaterials, 83, pp. 51-65. Copyright 2016 Elsevier.  
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A triple responsive drug delivery system was synthesized by Zhang et al. and tested in HeLa 

cells. pH responsive poly(2-(diethylamino)ethyl methacrylate) was grafted on the silica surface 

through surface initiated atomic transfer radical polymerization. The initiator was anchored to 

the silica surface through two essential bonds: a reductively cleavable disulfide bond and a UV-

cleavable o-nitrobenzyl ester. Using DOX as a model drug, the authors demonstrated that drug 

molecules were released under slightly acidic (pH 5.0) conditions, in the presence of a reducing 

agent (10 mM dithiothreitol), upon UV irradiation, and low pH with a reducing agent. Drug was 

effectively released into HeLa cells, which contain both a low pH environment and the reducing 

agent GSH, after 10 min UV irradiation and showed comparable cytotoxicity to free DOX at the 

concentrations investigated. Without DOX, the polymer coated hollow MSN showed negligible 

cytotoxicity, even with 10 min of UV irradiation.[108]  

When compared to spherical nanoparticles, those with sharp points are expected to have 

higher endocytosis efficiencies. To this end, Xu and co-workers synthesized star-like hollow 

MSN in varying sizes for use in synergistic gene therapy and chemotherapy. ß-cyclodextrin cores 

with ethanolamine-functionalized poly(glycidyl methacrylate) were attached to the surface 

through adamantane terminated disulfide bonds, resulting in redox-triggered drug release. The 

cytotoxicity increased with carrier concentration in HepG2 and COS7 cells; however, these 

particles were still less toxic than standard branched polyethylenimine. Additionally, these star-

like hollow MSN showed higher transfection efficiencies than standard branched 

polyethylenimine and spherical hollow MSN. The sharp points also resulted in superior cell 

internalization. As a model drug, 10-hydroxy-camptothecine was encapsulated into the hollow 

MSN and plasmid DNA was electrostatically adsorbed onto the positively charged polymer 

coating. The resulting complexes were only 250 nm in diameter and had a positive surface 

charge, with no obvious drug leakage in the absence of GSH. The 5-fluorocytosine/Escherichia 

coli cytosine deaminase suicide gene therapy system was employed to assess the synergistic 

anticancer potential. Here, 5-fluorocytosine is converted through deamination to the cytotoxic 

drug 5-fluorouracil. Together with the 10-hydroxy-camptothecine in HepG2 cells, cell viability 

was less than 30%.[109]  

Luo et al. used hollow MSN as a base for a tumor targeting, GSH responsive drug delivery 

system. Tetraethylene glycol chains were anchored to the silica surface through a disulfide bond 
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and α-CD was threaded onto the chains using the high affinity between the ethyl oxide and 

hydrophobic CD cavity. Folic acid was then added to the end of the tetraethylene glycol chains 

using click chemistry, serving as both a stopper for the α-CD and as the tumor-targeting 

component through the over-expressed FA receptors on many kinds of cancer cells. Doxorubicin 

was loaded into the hollow MSN and, at physiological conditions, a negligible amount was 

released, indicating the efficacy of the α-CD cap. At 10 mM GSH, ~85% of the DOX was 

released over 26 h. Biocompatibility, effective specific receptor mediated endocytosis of the 

carriers, and intracellular DOX release was demonstrated in HeLa cells. Nude mice were used to 

investigate the curative effects of the DOX loaded nanocomposites. Over 21 days the 

experimental mice showed better tumor growth inhibition than free DOX alone or bare hollow 

MSN.[110]  

1.6     Silica-Shell/Rattle Type Silica 

Similar to the hollow MSN, “rattle-type” MSN possess a mesoporous silica shell that are 

synthesized around another type of nanoparticle. The silica can either be grown using this 

nanoparticle as a base, or the non-silica nanoparticles can be synthesized within the center cavity 

of a hollow MSN. These extra nanoparticles complement the drug delivery function of the 

mesoporous silica, either by triggering drug release, assisting in imaging, or treating the disease 

state through another method altogether.  

Kang et al. synthesized a multifunctional drug delivery system consisting of Gd2O3:Eu3+ 

luminescent nanoparticles within thermally responsive PNIPAM/ acrylic acid acrylamide 

copolymer filled hollow MSN. The Gd2O3:Eu3+ could also function as a magnetic resonance 

contrast agent, allowing for facile visualization of the silica nanoparticles, while the polymer 

allowed for the thermally controlled release of indomethacin. PNIPAM hydrogels have poor 

mechanical properties and thus encapsulation within the silica shell protects the hydrogel from 

degradation. At 20 ˚C virtually no drug release was observed while at 45 ˚C, the drug was 

released quickly. This was attributed to the swollen state of the polymer at temperatures below 

the lower critical solution temperature, which lead to the polymer occupancy of all residual space 

in the hollow core as well as the mesopore volume. When the temperature is above the lower 

critical solution temperature, the polymer contracts into a hydrophobic state, “squeezing out” the 

drug molecules. The authors demonstrated biocompatibility of these multifunctional 

nanoparticles through a methylthiazolyldiphenyl-tetrazolium bromide assay using L929 cells and 
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successful uptake into SKOV3 ovarian cancer cells.[111] 

In order to generate a gold nanorod based system that avoids the common challenges 

associated with gold nanorods, namely low surface area and aggregation (which shifts the 

wavelength necessary to induce localized surface plasmon resonance into the visible region and 

hence prevents deep tissue use), Chen and co-workers coated gold nanorods in a mesoporous 

silica shell. These nanoparticles were then loaded with DOX and demonstrated thermal and pH 

dependent drug release resulting from the disruption of the DOX-silica electrostatic interactions. 

Biocompatibility of the non-DOX loaded particles and the cancer killing potential was shown in 

A549 human lung cancer cells. The gold nanorod core served as a hyperthermia agent resulting 

from NIR irradiation and was useful in two-photon imaging. Together with the DOX loaded 

silica shell, created a system with two NIR irradiation triggered anticancer therapeutic 

modes.[112] 

Huang and co-workers developed core-shell nanoparticles for cancer-targeted photothermo-

chemotherapy. Hydrophobic, mesoporous graphitic carbon cores provided an environment for 

hydrophobic drugs (DOX in this study) and high NIR photothermal conversion efficiency. An 

ordered mesoporous shell surrounded the carbon, improving the biocompatibility, and both PEG 

groups and SP13 peptides were conjugated to the silica surface. The PEG group increased 

biocompatibility while the peptide targeted the nanoparticles towards HER2 oncoprotein 

expressing cancer cells. The particles demonstrated a laser power intensity and concentration 

dependent photothermal heating effect with pH and NIR dependent sustained drug release. This 

resulted from decreased electrostatic interaction between DOX and silica and hydrophobic 

interactions between DOX and carbon. The SP13 peptide led to selective uptake into HER2-

positive SK-BR-3 breast cancer cells over nontumorigenic MCF-10A breast epithelial cells 

through receptor mediated cellular uptake. Combined synergistic therapy resulted in significantly 

higher cell death over both DOX only and photothermal only strategies.[113] 

Ma et al. synthesized MSN encapsulated Bi2S3 nanoparticles which could be used for 

radiotherapy. These particles exhibited negligible cytotoxicity against HK-2 human renal cells 

and at a dosage of 7.5 mg kg-1 for 28 days no difference from saline was observed in mice, 

demonstrating biocompatibility. The efficacy of these particles in external radiotherapy using X-

ray irradiation was investigated and it was found that the tumor volume in nude mice reduced 

more substantially in the presence of the Bi2S3 containing MSN than with X-ray irradiation 
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alone. Interstitial radiotherapy using 32P-enriched gelatin chromic phosphate colloid in PC3 cells 

was also studied and cell viability decreased more significantly with the irradiated MSN than 

with 32P alone. With regards to drug delivery, DOX release from the MSN mesopores was pH 

dependent, with a faster rate at pH 5.0 than 7.4. In PC3 cells, there was no observed difference 

between free DOX and DOX loaded Bi2S3-MSN at the same DOX concentration; however, the 

addition of 32P tremendously added to the cytotoxicity of the DOX-MSN. In tumor baring nude 

mice, injection of Bi2S3-MSN showed the MSN alone had no apparent tumor growth inhibition, 

but the addition of 32P reduced tumor volume by ~21% in comparison to 32P alone. It was also 

found that Bi2S3-MSN with 32P reduced the tumors more effectively than with X-rays.[114] 

1.7     Magnetic Silica 

Silica nanoparticles can be synthesized to contain specifically magnetic cores, which imparts 

the properties of both materials to a single nanocomposite. Typically, an iron oxide nanoparticle 

is coated with mesoporous silica, generating multifunctional systems that have the potential to 

act as drug delivery vehicles and hyperthermia agents. 

Jeonghun Lee et al. used an iron oxide core as a magnetic resonance imaging agent. The 

mesoporous silica shell was loaded with DOX and functionalized with ß-CD through a GSH 

cleavable disulfide bond. In addition, PEG groups (Mw=5000) were added to enhance silica 

nanoparticle solubility and biocompatibility, which allowed the particles to maintain dispersion 

in PBS for several days. Initial release studies showed that the CD cap was able to prevent DOX 

release for up to five days without GSH, while the addition of the reducing agent caused a burst 

release of drug over three hours. Glutathione responsive behavior was further confirmed through 

the significant apoptosis observed in A549 cancer cells and in mice bearing A549 tumors. The 

magnetic particle core allowed the authors to image particle accumulation and clearance. 

Following intravenous injection of the nanocomposites, tumor growth was slowed, even more so 

than injected free drug; however, when the particles began to clear after one week, tumor growth 

accelerated again.[115]  

In a study by Ming Ma et al. nanoellipsoids with a magnetic core and mesoporous shell were 

coated with gold nanorods and used for: chemotherapy, photo-thermotherapy, in vivo infrared 

thermal, optical, and MR imaging. The gold was functionalized with PEG and carboxylic acid 

groups and conjugated to the amine-modified silica surface through carbodiimide crosslinker 

chemistry (Au NRs-MMSNEs). The resulting nanocomposites were shown to be non-toxic in 
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MCF-7 cells at concentrations up to 100 µg mL-1. Due to the magnetic core, the particles could 

be directed towards specific sites, using an external magnetic field (Figure 1.3), at which 

doxorubicin release was triggered under the slightly acidic endosomal conditions. At acidic pH, 

the simple electrostatic interactions between the negatively charged silica surface and the 

positively charged drug were disrupted, allowing the drug to diffuse out of the mesopores. This 

combined with the localized hyperthermia from the gold nanorods gave the system synergistic 

photothermal- and chemo-therapy anti-cancer potential, as demonstrated in an MCF-7 cell 

proliferation assay.[116] 

Crosslinked gelatin was used to coat mesoporous silica with an iron oxide core and regulate 

the release of paclitaxel. In this study, the magnetic component was also successfully used to 

guide the particles to the tumor site in a mouse model, decreasing particle accumulation in 

normal tissues. The tumor reduction study showed tumor growth in the presence of these 

paclitaxel loaded particles with an external magnetic field was significantly delayed and obvious 

body weight loss was not observed relative to the same particles without the magnetic field and 

commercial Taxol® at the same dose. Gelatin was electrostatically adsorbed to the amine 

functionalized silica surface and then crosslinked around the particles using gluteraldehyde, 

creating a diffusion barrier that yielded a sustained release of paclitaxel.[117] 

 

 

Figure 1.3. (a) T2 phantom images of Au NRs-MMSNEs at different Fe concentrations; (b) 
Relaxation rate 1/T2 of Au NRs-MMSNEs as a function of Fe concentration; (c) In vivo MRI of a 
mouse before and after intratumor injection of Au NRs-MMSNEs; (d) Photographs of Au NRs-
MMSNEs dispersed in water before (left) and after (right) an external magnetic attraction. 
Reprinted with permission from Ma, M., Chen, H., Chen, Y., Wang, X., Chen, F., Cui, X. and 
Shi, J. (2012). Biomaterials, 33, pp. 989-998. Copyright 2012 Elsevier. 
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Yufang Zhu and coworkers reported a magnetic silica nanoparticle based system in which the 

magnetic core was used for hypothermia, DOX was released from the silica mesopores in at low 

pH, and graphene quantum dot caps served as local photothermal generators. Additionally, the 

quantum dots were immobilized over the mesopore entrances through electrostatic and hydrogen 

bonding interactions, preventing premature DOX release. However, when the environmental pH 

dropped (pH 5.0), these were disrupted, allowing the DOX to diffuse out of the pores. Under an 

alternating magnetic field or NIR irradiation, the particles were able to generate heat and, when 

combined with the released DOX, were more effective at killing cancer cells than chemotherapy, 

magnetic hyperthermia or photothermal therapy individually, as shown in a 4T1 breast cancer 

cell study. These particles without DOX, an alternating magnetic field, or NIR irradiation were 

shown to be noncytotoxic to 4T1 cells even at a concentration of 200 µg mL-1.[118]  

The magnetic core in these silica-based nanocomposites can also be used to stimulate on-

command drug delivery. A 2012 communication demonstrated the use of an alternating magnetic 

field to trigger methylene blue release from MSN with a superparamegnetic iron oxide 

nanocrystal core. Here, the loaded particles were capped with a lipid bilayer and at physiological 

temperatures without an alternating magnetic field, no dye release was observed for several 

weeks. However, both at 50 ˚C and with the magnetic field the vast majority of the dye was 

released over a short period of time owing to the increased permeability of the bilayer under 

these conditions. On-command release was thus attributed to a combination of the local warming 

and vibration of the superparamagnetic iron oxide nanocrystals in the presence of an alternating 

magnetic field. These particles were shown to be non-toxic up to concentrations of 0.5 mg mL-1 

in human nervous A172, brain BE(2)-C, liver HEPG2, kidney 293T, heart HCM, colon SW480, 

and skin A431 cells.[119]  

Eduardo Guisasola et. al. developed a dual temperature responsive system based on a N-

isopropylacrylamide/N-hydroxymethyl acrylamide copolymer such that when the polymer is 

cross linked it pulls away from the MSN pores and allows for cargo release, but in its linear form 

collapses over the pores and prevents drug release when the temperature is increased. 

Conversely, in the cross-linked system the pores are capped at low temperatures while drug is 

able to diffuse through the linear polymer chains at the same temperature. This is based on the 

thermally responsive behavior of the PNIPAM component, which undergoes a change from 

hydrophilic to hydrophobic when the temperature is raised above its LCST for the linear chains. 
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Similarly, in the cross-linked system this transition occurs above the volume phase transition 

temperature. The poly(N-hydroxymethyl acrylamide) (PNHMA) component increases 

hydrophilicity and modulates this phase transition temperature from the 32 ˚C observed in 

PNIPAM homopolymers, depending on the PNHMA percentage present in the copolymer. For 

example, a 90:10 PNIPAM:PNHMA copolymer possesses a  LCST of 42 ˚C. Though both 

undergo the same transition from hydrophilic to hydrophobic at 41-43 ˚C, the hydrophobic 

stacking of polymer chains in the cross-linked system results in free space around the pores, 

while linear polymer becomes globular and blocks the pore entrances. When the linear polymer 

is in a swollen, hydrophilic state the chains are less condensed, which allows the drug to a 

diffuse. In the same swollen state, the cross-linked matrix extends across the pores, leading to 

diffusion barrier. The mesoporous silica was grown around an acid coated magnetic SPIONS 

thermoseed, which generates heat when exposed to an alternating magnetic field, and the 

copolymer was grafted from the surface.[120]  

1.8     Conclusions and Outlook 

Silica nanoparticles show great promise as drug delivery vehicles due to their 

biocompatibility, high drug loading, and facile functionalization which leads to cell targeting and 

stimuli-responsive delivery. Though well established in in vitro drug delivery, historically in vivo 

studies were lacking. This has recently been rectified, with many groups utilizing mouse or rat 

models to demonstrate the efficacy of silica nanoparticles for targeted delivery without observing 

negative effects associated with free drug in, specifically, cancer therapy. Clinical trials in 

humans are still lacking. Furthermore, much research involving silica nanoparticles has focused 

on cancer treatment. These materials’ potential goes beyond that, as has been demonstrated 

above. Given the facile manner in which silica nanoparticles can be combined with other 

nanotherapeutics, such as polymers and metal nanoparticles, the potential to target other disease 

states should be explored in greater depth. 
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CHAPTER 2 

AMYLASE RESPONSIVE VANILLIN RELEASE FROM STARCH CAPPED 
MESOPOROUS SILICA NANOPARTICLES 

 

2.1     Abstract 

Drug delivery across the oral mucosa presents many advantages including the ease of 

application and the avoidance of first-pass metabolic effects. Current technologies frequently 

utilize tablets and patches; however, research is beginning to explore nanoparticles owing to their 

superior comfort and potential for increased patient compliance. Current studies primarily focus 

on polymeric nanoparticles, but these are often not stimuli-responsive due to challenging 

syntheses. Mesoporous silica nanoparticles (MSN) are currently an unreported subcategory that 

could be highly beneficial for this application because they can be specifically modified to 

include stimuli-responsive components, strategies that have already been reported extensively in 

the literature. Therefore, a MSN system could be designed to release drug specifically into the 

oral environment. In this proof-of-concept work, unmodified MSN loaded with vanillin was 

coated with amylose or glycogen through precipitation of the polymer and demonstrated an α-

amylase responsive release. A moderate vanillin loading of 96 mg vanillin per gram of amylose 

coated MSN and 72 mg vanillin per gram of glycogen coated MSN was observed. The glycogen 

coating released vanillin more rapidly than the amylose coating (full release observed after 8 h 

vs. 12 h) owing to the presence of vanillin molecules within both the mesopores and starch 

matrix that is on the MSN surface. Importantly, leakage at room temperature in buffer was 

negligible (less than 5%), suggesting potential applications to a salivary α-amylase responsive 

medicated mouthwash. 

2.2     Introduction 

Mesoporous silica nanoparticles (MSN) possess many qualities which are appealing for drug 

delivery applications such as high surface area and pore volume, facile surface modification, 

biocompatibility, and biodegradability.[1-5] These nontoxic carriers, with high drug loading 

capacity and ability to release drug molecules from the pores, can respond to specific stimuli 

such as glutathione, acidic pH, ultrasound, changes in temperature, light, or the presence of 

specific enzymes.[6-13] Indeed, since the first reported use of MSN as a drug carrier in 2001, 

these particles have been extensively investigated for the treatment of  cancer diseases, 
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Alzheimer’s, glaucoma, and many others.[14-18] Most of these applications require intravenous 

injection with in vivo application, though there are a few representatives of transdermal and oral 

delivery.[19,20,11] One area that has not been explored is the use of MSN as a carrier for 

delivery across the oral mucosa. 

The oral mucosa is an ideal target for drug delivery as there is no need for swallowing (a 

challenge for children, the elderly, and any suffering from dysphagia), rapid absorption, and 

none of the dose is lost to hepatic first-pass effects.[21,22] With this route of delivery, drug 

molecules are absorbed directly into the blood stream through the highly permeable buccal or 

sublingual mucosa. Nanoparticles are particularly useful in this endeavor as they can make 

contact with a large mucosal surface area, and are also less likely to cause irritation or discomfort 

than tablets or patches, leading to higher patient compliance.[23]  

Most nanoparticles used in delivery across the oral mucosa are polymeric in nature, with 

some reports of silver and titanium dioxide nanoparticles.[24] For instance, bioadhesive alginate, 

xanthan gum, chitosan, chitosan/dextran, poly-(arginine), poly-(lactic-co-glycolic acid) (PLGA), 

and poly-(lactic acid) (PLA) nanoparticles were all loaded with the antifungal Nystatin for the 

prolonged treatment of yeast infections in the oral cavity, with the alginate, PLGA, and PLA 

nanoparticles encapsulating the highest drug quantity.[25] In another 2013 study, mucoadhesive 

chitosan films impregnated with poly-(ethylene glycol-b-lactic acid) nanoparticles were loaded 

with insulin, releasing 70% over the course of 15 days.[26] Alginic acid, cationic poly-

(methylmethacrylate), solid lipid nanoparticles, and poly-(lactic-co-glycolic acid) nanoparticles 

imbedded in mucosally adhesive guar-gum have all also been reported.[27-30] 

Of these systems, none have a controlled release mechanism and rely on simple diffusion. To 

generate a system that would release drug specifically in the oral environment, MSN could be 

capped with an α-amylase digestible biopolymer such as amylose or glycogen. Xiao et. al. 

already showed starch is compatible with silica by using an amylose core to make hollow MSN, 

while Li and co-workers used starch to assist in the synthesis of multicompartment MSN.[31,32] 

α-Amylase makes up approximately 40-50% of the protein content in human saliva and primarily 

serves to hydrolize α-(1→4) glycoside bonds into glucose and maltose.[33] It is a 

metalloenzyme consisting of three domains: a central A domain that contains the active site, a 

flexible gate loop, and a chlorine ion, a calcium containing B domain, and a flattened Greek-key 

C domain.[34] Both amylose, a linear polymer of α-D-glucose units joined by α-(1→4) 
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glycoside bonds, and glycogen, which also contains branching at α-(1→6) linkages, could be 

readily removed from the MSN surface by α-amylase, but remain intact otherwise.  

Herein, the α-amylase responsive release of vanillin from amylose or glycogen capped MSN 

is reported. Vanillin was used as a model drug owing to its application as a flavor molecule. 

Capping of the MSN pores was accomplished through simple precipitation of the starch around 

the loaded MSN and the α-amylase mediated removal of the cap was monitored in 1 mM 

phosphate buffer at a pH of 7.3 with 30 mM calcium chloride.[35] Results show that both 

starches were able to effectively seal the MSN pores in the absence of α-amylase with minimal 

leakage, while the addition of the enzyme to the system significantly improved the duration of 

vanillin release over the uncapped MSN from 2 to up to 12 h.  

2.3     Materials and Methods 

2.3.1     Materials 

Hexadecyltrimethylammonium bromide (CTAB) ≥99%, tetraethyl orthosilicate (TEOS) 

≥99.0%, sodium hydroxide ≥98%, vanillin Reagent Plus 99%, amylose from potato, glycogen 

from bovine liver Type IX, α-amylase from porcine pancreas Type VI-B ≥10 units/mg solid, 

sodium phosphate dibasic Reagent Plus ≥98%, sodium phosphate monobasic for molecular 

biology ≥98.0%, calcium chloride anhydrous ≥93%, dimethylsulfoxide anhydrous ≥99.9%, 14.5 

M NH4OH (28% w/w NH3) were all purchased from Sigma Aldrich. HPLC grade hexanes were 

purchased from Fisher Chemical and methanol and ethanol (USP/NF grade) from Pharmco-

Aaper. All chemicals were used as received. Nanopure water was obtained using a Thermo 

Scientific Barnstead E-Pure water purifier.  

2.3.2     MCM-41 Synthesis 

A 1 g quantity of CTAB was dissolved in 480 mL nanopure water (2.08 mM CTAB solution) 

with 3.5 mL 2 M sodium hydroxide for 1 h at 80 ˚C, after which time 5 mL TEOS was added 

drop wise at an approximate rate of 1 mL min-1. The resultant solution was allowed to stir 

vigorously at 80 ˚C for an additional 2 h, then the white powder was vacuum filtered and washed 

with copious amounts of nanopure water and methanol. After air drying overnight, the particles 

were calcined at 550 ˚C for 6 h to obtain usable MCM-41. 

2.3.3     Nonporous Stöber Silica Synthesis 

A 250 mL round bottom flask was charged with 150 mL ethanol, 50 mL of 14.5 M NH4OH 

(28 w/w NH3), and 12.5 mL TEOS. The reaction was stirred overnight at room temperature and 
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the Stöber silica particles were then collected through centrifugation, thoroughly washed with 

ethanol, and dried in a vacuum oven at 550 ˚C for 5 h.  

2.3.4     Vanillin Loading and Starch Coating 

In general, 100 mg of MCM-41 was suspended in 400 mL of a 0.25 mg mL-1 solution of 

vanillin in hexanes through sonication for 15 min. This mixture was then vigorously stirred in an 

oil bath at 32 ˚C for 24 h. The vanillin loaded particles were isolated through centrifugation at 

4146 xg for 10 min (24 ˚C) and freeze dried overnight. In order to coat the loaded particles, they 

were resuspended via sonication for 15 min in 10 mL of 90:10 dimethylsulfoxide:water 

containing 100 mg of the appropriate starch and at the same vanillin concentration as the hexanes 

supernatant from loading (as determined by UV-Vis measurements at 270 nm on a Vernier 

fluorescence/UV-Vis spectrophotometer). To this mixture approximately 30 mL of methanol was 

added rapidly to precipitate the starch biopolymer around the loaded MCM-41. As this procedure 

would generate precipitated starch that did not coat any MCM-41, this mixture was centrifuged 

at a slower speed of 1036 xg for 10 min (24 ˚C). The supernatant was decanted and the particles 

dried under vacuum overnight.  

Controls were prepared in a similar fashion. To determine the effect of porosity on vanillin 

loading, 100 mg of Stöber silica was substituted for MCM-41 and the sample was not coated. 

Vanillin entrapped in starch during the coating procedure was investigated by executing the 

coating step in the absence of MCM-41 for each starch. Finally, coated MCM-41 that did not 

contain vanillin was prepared by simply skipping the loading step and proceeding to the starch 

coating procedure without any vanillin.   

2.3.5     Amylase Mediated Vanillin Release 

Approximately 2 mg of vanillin loaded starch coated MCM-41 was placed in Spectra/Por 

dialysis membrane tubing with a molecular weight cutoff of 3,500 Da with 1 mL of a 1 mg mL-1 

α-amylase solution in 1 mM phosphate buffer with 30 mM calcium chloride pH 7.3. One end of 

the tubing was sealed off with clips while the other was left open but above the buffer and the 

bag was suspended in 30 mL of stirring 1 mM phosphate buffer with 30 mM calcium chloride, 

pH 7.3 in a 50 mL centrifuge tube with a screw cap lid in a water bath at 37 ˚C. A Vernier 

fluorescence/UV-Vis spectrophotometer was used to monitor the vanillin absorbance at 277 nm 

in aliquots of this external buffer every hour. After each measurement, another 1 mL aliquot of 1 

mg mL-1 α-amylase solution was added to the open end of the dialysis bag. Vanillin 
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concentration was calculated using a calibration curve ranging from 0.5 µg mL-1-15 µg mL-1 

vanillin in 1 mM phosphate buffer with 30 mM calcium chloride pH 7.3. From 

thermogravimetric analysis, the mass of vanillin per mass of starch coated MSN was known, so 

the percent release profile was constructed from the absolute mass of vanillin in the external 

buffer at each time point over this value multiplied by one hundred. 

For the uncoated MCM-41 and coated MCM-41 release studies in the absence of α-amylase, 

this procedure was repeated except both ends of the dialysis bag were sealed after the addition of 

1 mL of 1 mM phosphate buffer with 30 mM calcium chloride pH 7.3 to the MSN such that the 

volume remained constant for the duration of the experiment. Room temperature release studies 

without α-amylase were conducted similarly. 

2.3.6     Nitrogen Physisorption Analysis 

The reported nitrogen adsorption-desorption measurements were carried out using a 

Micrometrics TriStar II surface area and porosity analyzer. For each measurement, 60-100 mg of 

sample was degassed under nitrogen at 100 ˚C for 6 h, then the surface area, pore volume, and 

pore diameter measurements were recorded at -196 ˚C using nitrogen gas. The BJH model was 

used to calculate pore volume from the desorption branch of the isotherm and diameter from the 

adsorption branch of the isotherm. 

2.3.7     Thermogravimetric Analysis 

Between 2-15 mg of a given sample was added to a ceramic pan and thermogravimetric 

analysis (TGA) was carried out using a TA TGA Q500 instrument. The sample was heated from 

room temperature to 800 ˚C at a rate of 20 ˚C min-1 with a balance flow of nitrogen at 40 mL 

min-1 and sample flow of air at 60 mL min-1. Weight loss before 200 ˚C was attributed to solvent 

and silanol condensation and discounted from any calculations.  

2.3.8     Dynamic Light Scattering 

Samples for dynamic light scattering (DLS) and zeta potential measurements were suspended 

in nanopure water at a concentration of approximately 1 mg mL-1 via 15 minutes of sonication. 

Data was collected on a Malvern Zetasizer Nano ZS instrument.  

2.3.9     Small Angle X-Ray Scattering 

A PANalytical X-ray generator with a copper target and Anton-Paar SAXSess system on an 

Empyrean instrument was used to measure small angle x-ray scattering of the MCM-41. The 

following instrument configuration was used: programmable receiving slit detector with FASS 
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and BBHD with an 1/16 entrance slit (divergence), a ¼ anti scatter slit with a 4 mm mass, and 

0.4 soller slit on the FASS at 16.8, rotating at 2 RPM scan using powder on a 0 background 

holder. The scan was taken from 2θ = 0.5-5.  

2.3.10     Transmission Electron Microscopy 

A FEI Talos F200X 200 keV field emission scanning/transmission electron microscope was 

used to collect transmission electron micrographs. Briefly, approximately 1 mg of sample was 

suspended in 2 mL of ethanol via sonication. An aliquot was then drop-cast onto a carbon-

coated, 300 mesh copper grid, which was allowed to air dry prior to imaging.  

2.3.11     Molecular Modeling of Vanillin 

ADF software was used to model the dimensions of vanillin. A geometry optimization was 

carried out using a Hybrid: B3LYP XC functional and a TZP basis set with no frozen core. The 

length, width, and height of vanillin were then measured using tools within the software.  

2.4     Results and Discussion 

2.4.1     MCM-41 Synthesis and Characterization 

Bare MCM-41 of good quality was successfully synthesized.  Nitrogen sorption analysis 

shows a type IV isotherm typical of mesoporous materials with hysteresis and a narrow pore size 

distribution (Figure 1A). The Brunauer-Emmett-Teller (BET) surface area was calculated to be 

1,100 m2 g-1 with a Barrett-Joyner-Halenda (BJH) pore volume of 0.95 cm3 g-1 and pore size of 

2.4 nm (Table 1). In order to confirm the order of the MCM-41 mesopores, low angle X-Ray 

diffraction (XRD) was used. There are three clear peaks that can be indexed as the (100), (110), 

and (200) reflections of the hexagonally ordered cylindrical pores, which is typical of MCM-41 

type mesoporous materials (Figure 1B). The ordering of these pores was further observed in the 

transmission electron micrograph (TEM) (Figure 1C), which also shows the parallel orientation 

of the pores through the particles. 

The TGA curve shows a sharp drop before 200 ˚C, which is attributed to the loss of water and 

silanol condensation, and minimal change afterwards (only 1.4 wt% loss from 200-800 ˚C), was 

observed (Figure 1D), indicating the vast majority of surfactant was removed during calcination. 

Dynamic light scattering (DLS) measurements yielded a Z-average diameter of 260 nm with a 

PDI of 0.277 and a Zeta potential -19 mV (vide infra).  
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Figure 2.1. (A) Nitrogen sorption isotherm and BJH pore size distribution (insert), (B) low angle 
XRD, (C) TEM, and (D) TGA of bare MCM-41. 
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2.4.2     Loading and Starch Coating of MCM-41 

Vanillin was used as a model owing to its small size and industrial application as a flavor 

molecule. In order to determine if vanillin would fit into the MCM-41 pores, molecular modeling 

was carried out using ADF software (Figure 2) and gave dimensions of approximately 7x5x2 Å. 

Thus, at 2.4 nm, the MCM-41 mesopores are sufficiently wide to accommodate vanillin. 

 

 

Figure 2.2. Molecular model of vanillin generated using ADF software. 
 

 

Loading was conducted in hexanes at 32 ˚C over a 24 h period, after which particles were 

either isolated or coated with starch. The uncoated vanillin loaded MCM-41 showed a notable 

drop in surface area, pore volume, and pore size (Table 1). However, the nitrogen sorption 

isotherm remained type IV and still shows hysteresis (Figure 3A), indicating the mesopores were 

still accessible. This, combined with the drop in pore size and pore volume indicates vanillin was 

successfully loaded into the MCM-41 pores without blocking them. Thermogravimetric analysis 

(Figure 3B short-dashed line) shows a weight percent loss of 18 % from 200-800 ˚C attributed to 

vanillin. This converts to approximately 170 mg vanillin per gram MCM-41 (1.1 mmol vanillin 

per gram MCM-41) and an entrapment efficiency of 17 %. 

In order to coat the particles with either amylose (A-MCM-41) or glycogen (G-MCM-41), 

the vanillin loaded MCM-41 was resuspended in a 90:10 dimethylsulfoxide:water mixture 

containing the same concentration of vanillin that remained in the loading solution after loading 

and starch at a 1:1 mass to mass ratio with the silica. Excessive methanol was then rapidly added 

to the mixture to precipitate the starch around the suspended MCM-41 particles. This process 

resulted in a dramatic reduction in surface area and pore volume (Table 1) with a noticeable 

flattening of the nitrogen sorption isotherms (Figure 3A) indicative of successful pore capping. 
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These effects are more prominent in the A-MCM-41 sample, signifying that the amylose coating 

was more effective than the glycogen coating.  

 

Table 2.1. Nitrogen sorption data for silica samples. 

Silica 
BET Surface Area 

(m2 g-1) 

BJH Desorption 
Pore Volume 
(cm3 g-1) 

BJH Pore Size 
(nm) 

Bare MCM-41 1,100 0.95 2.4 
Vanillin Loaded 730 0.53 1.9 
A-MCM-41 81 0.06 1.9 
G-MCM-41 170 0.14 2.0 

 

Thermogravimetric analysis was used to determine vanillin and starch content. Discounting 

all weight loss before 200 ˚C, the starch coated samples have a significantly higher organic 

content then the bare vanillin loaded sample, which is expected. In the case of A-MCM-41 a loss 

of approximately 53 wt% was observed (Figure 3B thick dotted line), while G-MCM-41 lost 

approximately 52 wt% (Figure 3B long-dashed line). These results indicate that starch was 

successfully introduced into the sample. 

In order to confirm the starch was coating the particle rather than simply present in the 

sample, TEM analysis was conducted (Figure 3C and D). The micrographs show that the MCM-

41 particles, rather than being homogenously coated, exist in agglomerates with multiple 

particles (dark spheres) encased in a network of starch (light grey). Glycogen coating appeared to 

result in a higher frequency of these agglomerates, with fewer individual MCM-41 particles 

observed.   

Dynamic light scattering, though unable to yield an exact size owing to the nonspherical 

nature of the starch coated MSN, was used to estimate the extent of the coating. For both A-

MCM-41 (Z-average diameter 280 nm PDI 0.172) and G-MCM-41 (Z-average diameter 340 nm 

PDI 0.386), the hydrodynamic diameter did increase over bare MCM-41. This increase can be 

attributed to an overall enlargement of the MCM-41 particle in at least one dimension and thus 

successful coating. In the case of A-MCM-41 (Figure 4 dotted line), the size distribution is 

relatively narrow whereas G-MCM-41 (Figure 4 dashed line) shows two distinct peaks: a 

primarily uncoated or lightly coated population and a broad peak corresponding to larger starch-

silica agglomerates. 
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Figure 2.3. (A) Nitrogen sorption isotherm and BJH pore size distribution (insert), (B) TGA of 
bare MCM-41 (solid line), vanillin loaded MCM-41 (short-dashed line), vanillin loaded A-
MCM-41 (dotted line), and vanillin loaded G-MCM-41 (long-dashed line) and TEM images of 
(C) A-MCM-41 and (D) G-MCM-41. 
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Figure 2.4. DLS particle size distribution of MCM-41 (solid line), A-MCM-41 (dotted line), and 
G-MCM-41 (dashed line). 

 
 

From this it can be concluded that the amylose coating was the more homogenous of the two. 

Additionally, the zeta potential became more positive upon starch coating, signifying the 

negative surface charge of the silica has been at least partially concealed by the overall neutral 

starch. Again, this effect is more prominent in the A-MCM-41 (-6.2 mV) sample than in the G-

MCM-41 (-11 mV) owing to a more complete coating.  

Vanillin loading and entrapment efficiencies were calculated using weight percentage data 

gathered from TGA. In order to distinguish the weight contribution from the vanillin from the 

starch, MCM-41 without vanillin was coated. These controls showed that the resulting A-MCM-

41 had approximately 42 wt% amylose and G-MCM-41 was 44 wt% glycogen (long-dashed 

lines in Figure 5). The remaining weight loss in the vanillin loaded starch coated samples (dotted 

lines in Figure 5) was attributed to vanillin (9.6 wt% in the case of A-MCM-41 and 7.2 wt% in 

G-MCM-41). To dispel any confusion caused by differing water content across the samples, the 

TGA curves in Figure 5 are normalized such that the weight percentage at 200 ˚C is 100%. 

We will now discus the loading efficiencies of the vanillin into the MSN. This was 

accomplished using thermogravimetric analysis owing to the propagation of error associated 

with UV-Vis measurements. Since the thermogravimetric analysis is a single measurement as 

opposed to the UV-Vis, from which loading is calculated from the concentration of vanillin in 

three separate solvents at the three stages of material production, the thermogravimetric analysis 

is more accurate with regards to calculating loading. 
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Figure 2.5. Bare MCM-41 (solid line), starch coated MCM-41 (long-dashed line), and vanillin 
loaded starch coated MCM-41 (short-dashed line) TGA curves of (A) A-MCM-41 and (B) G-
MCM-41 normalized such that the weight percent at 200 ˚C is 100%. 

 
 

From the gravimetric ratios of silica:vanillin:starch, the vanillin loading and entrapment 

efficiencies could be calculated. These values are shown in Table 2. Although the A-MCM-41 

retained the vanillin from the original loading, the data indicate that the G-MCM-41 lost vanillin 

during the coating procedure. This is most likely due to the solubility differences between the 

starches; the less soluble amylose may have associated with the silica surface in solution and 

capped the pores before precipitation, preventing vanillin leakage.  

 

Table 2.2. Vanillin loading data for silica samples. 

Silica 
mg Vanillin 

g-1 Starch Coated MSN 
mg Vanillin 
g-1 MCM-41 

mmol Vanillin 
g-1 MCM-41 

Entrapment 
Efficiency 

Vanillin Loaded NA 170 1.1 17 % 
A-MCM-41 96 170 1.1 17 % 
G-MCM-41 72 130 0.87 13 % 

 

Overall, both A-MCM-41 and G-MCM-41 were successfully loaded with vanillin and the 

respective starch capped the pores, albeit in a heterogeneous fashion (according to electron 

microscopy evidence). Therefore, the project displays great potential, since this preliminary work 

indicates positive loading of the drug into the MSN nanocarrier and effective coating of the MSN 

with the biopolymers amylose or glycogen. 
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2.4.3     Stöber and Starch Control Characterization 

To differentiate between external adsorption of vanillin to the silica surface of the MCM-41 

and true loading into the mesopores, a control of vanillin loaded onto nonporous Stöber silica 

was generated.  Figure 6 shows the TGA analysis of the resultant sample with only about 2.4 

wt% vanillin. Hence, it can be concluded that while some vanillin does simply adsorb to the 

external silica surface, the majority of the vanillin in the MCM-41 samples is contained within 

the mesopores. 

 

 

Figure 2.6. TGA weight loss curves of Stöber silica (solid line) and vanillin loaded Stöber silica 
(short dashed line). 

 
 

The other consideration is the likely possibility that vanillin becomes entrapped within 

the starch during precipitation. In order to determine the contribution of vanillin in the starch as 

opposed to vanillin in the silica, each starch was precipitated in the presence of vanillin and 

analyzed using TGA (Figure 7). Although both precipitated starch and vanillin loaded 

precipitated starch are completely organic and thus the TGA curve terminates at 0 wt%, there 

exists a difference in the ∆wt% from 200-800 ˚C that can be attributed to vanillin. In the case of 

amylose (Figure 7A) this contribution is negligible; however, glycogen precipitated in the 

presence of vanillin entraps 7.5 wt% vanillin, or 75 mg vanillin per gram glycogen (Figure 7B). 

This means that almost half of the vanillin content in the glycogen coated sample is not in the 

MSN, but rather in the starch matrix surrounding the MSN and capping the pores, so it can be 

expected that the release kinetics from this sample will be faster than those from the amylose 

coated sample. 
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Figure 2.7. TGA weight loss curves of starch (solid line) and vanillin loaded starch (short dashed 
line) for (A) amylose and (B) glycogen. 

 
 

Therefore, in the case of G-MCM-41, approximately 30 mg of vanillin per gram of G-

MCM-41 are probably contained in the glycogen matrix rather than in the MCM-41 pores.  

2.3.4     α-Amylase Mediated Vanillin Release from MCM-41 

Vanillin release was monitored in a 1 mM phosphate buffer pH 7.3 with 30 mM calcium 

chloride (Figure 8) until 100% α-amylase mediated vanillin release was achieved.  

 

 

Figure 2.8. Vanillin in 1 mM phosphate buffer pH 7.3 with 30 mM calcium chloride calibration 
curve at 277 nm with a representative UV-Vis spectrum (insert). 

 
 

In the case of the bare MCM-41, 100% release of the loaded vanillin occurred within the first 

two hours (Figure 9 circles). This is in stark contrast to the A-MCM-41 and G-MCM-41, both of 

which leaked less than 5% of the loaded vanillin in the absence of α-amylase over 24 h at room 
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temperature (data not shown). Again, the vanillin was discharged within the first two hours, after 

which time no quantifiable increase in the vanillin concentration was observed. This low leakage 

is further evidence of the successful coating of the MCM-41 in both A-MCM-41 and G-MCM-

41. Despite the solubility of both amylose and glycogen, the starch caps effectively retained 

vanillin even in aqueous media. The initial burst can likely be attributed to release from the 

uncoated population of particles in each sample that resulted from the heterogeneous coating, 

since it occurred on the same time scale as the bare MCM-41 drug release. When the temperature 

was increased to 37 ˚C, the leakage increased owing to the enhanced solubility of both starches. 

The G-MCM-41 released 24% over 8 h and the A-MCM-41 released 17% over 12 h (Figure 9 

squares). Here solubility is the dominant variable; the more soluble glycogen coating was more 

easily dissolved than the amylose coating, leading to an increase in non-α-amylase mediated 

release. 

 

 

Figure 2.9. Vanillin release from A-MCM-41 (A) and G-MCM-41 (B) in the presence 
(diamonds) and absence (squares) of α-amylase, and without any starch coating (circles). 

 
 

Upon introduction of α-amylase to the solution, the percentage of vanillin released from 

the coated particles and the duration over which this release occurred increased (Figure 8 

diamonds). The α-amylase mediated vanillin release from A-MCM-41 reached 100% after 12 h 

(Figure 9A) while the G-MCM only took 8 h (Figure 9B). It is likely the G-MCM-41 released 

more quickly than the A-MCM-41, despite the frequency of indigestible α-(1→6) linkages 

present in glycogen, because some of the vanillin was contained within the starch matrix. Hence 

the α-amylase did not need to digest the entire glycogen coating down to the pore entrances to 
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release vanillin, which was the case in the A-MCM-41. In both cases, full vanillin release was 

successfully controlled using the presence or absence of α-amylase.  

2.5     Conclusion 

In this proof of concept study, an α-amylase mediated drug delivery system for delivery 

across the oral mucosa has been proposed. Mesoporous silica nanoparticles were successfully 

loaded with vanillin and heterogeneously coated with either amylose or glycogen without 

modifying the nanoparticles. This synthetically simple procedure yielded thoroughly coated 

particles that showed minimal leakage in the absence of α-amylase. When exposed to the α-

amylase enzyme both starches were effectively digested, leading to more sustained vanillin 

release as compared to their uncoated counterpart. Indeed, the negligible release from the coated 

particles in the absence of α-amylase at room temperature suggests possible applications of these 

particles in a medicated mouthwash, where a polymeric nanoparticle may prove ineffective 

owing to the lack of control in drug release and thus loss of drug to the storage media. Under oral 

conditions, a major concern is swallowing such that nanoparticle residency in the mouth is 

insufficient to provide significant drug release. This can be easily addressed in future studies 

through synthetic modification of the starch to include thiol groups, which should provide 

mucoadhesion.[36,37] Additionally, to provide a more homogeneous starch coating, the MCM-

41 could be functionalized with boronic acid groups. These groups would form boronate ester 

linkages with the vicinal diols on the starch glucose repeat units, allowing for a more controlled 

coating.[15] Such modifications will be the subject of future studies.  
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CHAPTER 3 
FUTURE DIRECTIONS 

 

3.1 Future Work 

The oral mucosa offers substantial advantages as a site for drug delivery; however, these 

benefits are matched by disadvantages which must be considered in the development of a drug 

delivery system. These drawbacks are primarily biomechanical in nature, for instance, 

swallowing. For sustained release of drug molecule across the oral mucosa and into the 

circulatory system to be achieved, the carrier must remain present in the oral cavity for the 

duration of release. Swallowing may result in the removal of the device from the intended site of 

adsorption, which negates many of the benefits of oral mucosal drug delivery, such as avoidance 

of first-pass metabolism.[1] Additional considerations include mastication, drinking, speaking, 

and so on. The drug delivery system must not interfere with any of these while maintaining 

contact with the oral mucosa.[2] Nanoparticles offer increased comfort and should not interfere 

with day-to day activities, but are easily removed with the saliva. A possible solution to these 

challenges is to make the nanoparticles mucoadhesive. 

Mucoadhesion is defined as adhesion to a mucosal membrane through some chemical 

interaction. These membranes, including the oral mucosa, are coated in negatively charged, 

cysteine-rich glycoproteins called mucins.[3] Attachment specifically to these proteins, through 

covalent bonds, ionic interactions, or other intermolecular forces, is a form of mucoadhesion. 

There are four main hypotheses as to the mechanism: the adsorption theory, the diffusion theory, 

the wetting theory, and the electronic theory. The first posits that mucoadhesion is the result of 

secondary surface forces, primarily hydrogen bonding. The diffusion theory states that adhesion 

is the result of the adhesive penetrating into the mucin, establishing a transient bond. The wetting 

theory emphasizes intimate contact between mucin and the adhesive and the electronic theory 

attributes mucoadhesion to electrostatic interactions.[4,5] In conjunction, these theories give 

insight into possible chemical structures which may impart mucoadhesive character to the 

nanoparticles.  

Many mucoadhesive materials are polymeric in nature and possess ionizable side chains, the 

capacity to hydrogen bond, and/or thiol groups. Examples include thiolated polymers, 

poly(acrylic acid), alginate, cellulose derivatives, pectin, chitosan.[6,7] Sunoqrot et al. found that 

poly(dopamine) coated methoxy poly(ethylene glycol-b- ε-caprolactone) nanoparticles also 
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displayed mucoadhesive behavior.[8] Tang and co-workers developed cysteine modified, 

PEGylated nanostructured lipid carriers which improved the total drug exposure across time of 

orally administered docetaxel relative to the free drug.[9] In both instances, the particles 

themselves were mucoadhesive. Alternatively, Castro et al. incorporated peptide loaded 

poly(lactic-co-glycolic acid) nanoparticles into a mucoadhesive film of guar gum.[10] Rahbarian 

et al. used the addition of a thiol group to chitosan to achieve mucoadhesion. Insulin 

nanoparticles were imbedded in a film of this polymer and showed excellent permeation across 

rabbit buccal mucosa.[11] Another category of note is mucopenetrating particles, which are able 

to move through the mucin to the epithelial cells of the mucosa. These include poly(ethylene 

glycol), zeta potential changing particles, and virus mimicking polymers.[7]  

The success of thiolated polymers in mucoadhesion is attributed to the formation of disulfide 

bonds between the cysteine residues on the mucin and the thiol groups.[12] This chemistry could 

be applied to starch, such that the mesoporous silica nanoparticles retain their α-amylase 

responsive character and become mucoahesive. Attia and co-workers were able to add a thiol 

group to starch by first reacting the hydroxyl group on the sixth carbon of the monomer units 

with chloroacytyl chloride, then subsequently reacting the acid chloride with thiourea. This 

process is multistep and has poor atom economy; however, the thiol group was successfully 

attached as evidenced by the emergence of a peak between 2620-2550 cm-1 (S-H stretching 

vibration) and another between 1100-1280 cm-1 (C-S stretching vibration) in the FTIR spectrum. 

Additionally, the 1H NMR of the thiolated starch shows a peak at 2.5 ppm attributed to the thiol 

proton. [13] An alternative method was proposed by Maji and co-workers, who simply heated 

starch with thioglycolic acid in the presence of catalytic sulfuric acid to form an ester. The 

presence of a thiol in the final product was confirmed using FTIR (a peak at 2610 cm-1 that can 

be attributed to S-H stretching vibrations). The resulting starch coated iron oxide nanoparticles 

showed mucoahesive properties to goat intestinal membrane. Again, this was attributed to the 

formation of disulfide bonds between the nanoparticles and the mucin.[14] 

Another approach is to modify the starch with moieties that could impart mucoadhesion 

through different mechanisms. For example, the modification of starch with poly(N-

isopropylacrylamide) has been documented. The resulting nanoparticles showed 

thermoresponsive behavior with lower critical solution temperatures approaching 35 ˚C 

depending on the amount of starch present.[15] Though starch itself is somewhat mucoadhesive 
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owing to the presence of hydroxyl groups, the amide group in poly(N-isopropylacrylamide) is 

capable of stronger hydrogen bonding interactions with the mucin. Additionally, at room 

temperature (below the lower critical solution temperature), a poly(N-isopropylacrylamide) layer 

would be in a swollen state, which would add an additional barrier to drug leakage and further 

shelter the MSN from premature hydrolytic degradation during storage in aqueous media. 

Alternatively, the mucin glycosylation could be exploited through the addition of boronic acid 

groups to the starch. Boronic acid is known to react spontaneously with the vicinal diols present 

in sugars, thus forming a covalent linkage between the mucin and functionalized starch.[16] The 

boronic acid would need to be protected during storage to prevent crosslinking of the particles, 

perhaps through an acid labile group that would cleave under the weakly acidic conditions in the 

mouth. 

A final consideration is whether or not the MSN enters the systemic circulation through the 

oral mucosa or remains in the mouth. Given the extent of synthetic control over the properties of 

MSN (i.e. size, surface charge, etc.), nanoparticles could be generated for either scenario.[17,18] 

Using Renkin’s equation, Goswami et al. estimated the pore size of the aqueous pathway through 

the buccal and sublingual mucosa (intercellular) to be 18-22 and 30-53 Å respectively.[19] 

Hence, any nanoparticle larger than ~53 Å should need to pass through the epithelial cells in 

order to enter the blood stream. Wang and co-workers showed that the endocytosis of MSN into 

epithelial cells is a function of both size and surface functionalization. Large (480 nm in 

diameter), bare MSN aggregated and were not internalized well into the cells, and though the 

addition of a poly(ethylene glycol) layer to assist in mucopenetration and poly(ethyleneimine) 

coated carbon dots to increase transepithelial absorption did enhance dispersion, no effect on 

endocytosis was observed. When the size was decreased to 100 nm, limited cellular uptake was 

measured even with a poly(ethylene glycol) coating and poly(ethyleneimine) coated carbon dots. 

It was the MSN with a diameter of 250 nm, a poly(ethylene glycol) coating,  and 

poly(ethyleneimine) coated carbon dots that showed optimal transepithelial transport.[20] Thus, 

the size and surface chemistry of the MSN can be tailored to either promote or negate 

intracellular transport through the oral epithelium and into systemic circulation. 
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APPENDIX A 

CONSERVED ACTIVITY OF REASSOCIATED HOMOTETRAMERIC PROTEIN 

SUBUNITS RELEASED FROM MESOPOROUS SILICA NANOPARTICLES 

A paper published in Langmuir, Copyright 2017, ACS 

Gauri V. Deodhar1,2, Marisa L. Adams1,3, Sutapa Joardar1, Madhura Joglekar4, Malcolm 

Davidson1, William Smith1, Madelyn Mettler1, Sydney A. Toler1, Fiona Davies1, Kim Williams1, 

and Brian G. Trewyn1,5
 

A.1     Abstract 

Mesoporous silica nanoparticles (MSN) with enlarged pores were prepared, characterized, 

and reversibly dissociated subunits of Concanavalin A were entrapped in the mesopores as 

shown by multiple biochemical and material characterizations. When loaded in the MSN, we 

demonstrated protein stability from proteases and, upon release, the subunits reassociated into 

active proteins shown through mannose binding and o-phalaldehyde fluorescence. We have 

demonstrated a versatile and facile method to load homomeric proteins into MSN with potential 

applications in enhancing the delivery of large therapeutic proteins. 

A.2     Introduction 

Within the human body, proteins perform numerous essential functions in the development, 

growth, and regulation of several key metabolic systems.[1] Protein therapeutics exploit these 

functions in order to improve human health, i.e. certain diseases are treated directly through 

changes in the functions of intracellular proteins such as the use of insulin to treat diabetes I and 

II. 

When compared to small molecule drugs, protein therapeutics possess several major 

advantages. Proteins are highly specific, decreasing the probability of interference with normal 

biological processes, and have a high intracellular activity when compared with small molecule 

drugs. In cases where a gene mutation or deletion is responsible for causing a disease, protein 
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therapeutics are safer than gene therapy because side effects like random or permanent genetic 

changes are rarely observed.[2] 

Still, the effective delivery of proteins to target sites poses a mammoth challenge. Proteins 

are rapidly cleared from the body and face degradation by low pH environments and certain 

enzymes, specifically within lysosomes. Once internalized by target cells, protein escape during 

early stages of the endolysosomal pathway is crucial.[3,2,4] Hence, strategies to successfully 

deliver therapeutic proteins into their target cells with their activity still intact are essential. 

To this effect, nanovehicles have been extensively employed to transport and release proteins 

to intracellular targets.[5-7,2,8-10,4,11] Mesoporous silica nanoparticles (MSN) are able to not 

only carry more protein units than its nonporous counterparts, but if the protein is small enough 

to diffuse into the pores, it can also be sheltered from premature degradation in the biological 

environment.[12] For example, cytochrome C, a small (12 kDa), membrane impermeable 

protein, has been successfully entrapped inside the pores of MSN and delivered into HeLa 

cells.[13]  

A variety of other proteins have been immobilized in the pore network of MSN as well; 

however, those proteins are too large to fit into the pores (dimensions greater than the 4 nm pore 

size), only adsorbed onto the silica surface.[14] This was demonstrated by Diaz and Balkus, who 

found that horseradish peroxidase was not immobilized into the pores of MCM-41 because it’s 

average spherical size of 4.6 nm was greater than the 4 nm pore diameter.[15] On the particle 

surface, proteins would be exposed to harsh lysosomal conditions and degrade before achieving 

their intracellular therapeutic effect. Thus, delivering large molecular weight therapeutic proteins 

remain a challenge. 

Recently, research has focused on increasing the average pore size of MSN to accommodate 

larger proteins.[16-22] Perhaps an equally intuitive solution is to make the large proteins small 

enough to fit into the MSN pores. For proteins with quaternary structure, this is not such a 

farfetched proposition. Certain proteins, including ribonuclease, lysozyme, α-chymotrypsin, and 

β-lactoglobulin,[23] can be reversibly dissociated through pH dependent mechanisms or upon 

exposure to a denaturant.[23-27] In particular, aqueous solutions of concentrated urea have been 

shown to successfully dissociate proteins, such as αm-crystallin (a heteromeric protein found in 

the ocular lens)[23] and pyruvate decarboxylase (a homotetrameric protein),[28] Upon dilution 

and a return to neutral pH, the urea diffuses out of the protein and allows the subunits to 
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reassociate. This reassociated protein also regains its activity, hence we can successfully make 

large proteins smaller. It should be noted that this is demonstrated on a homomeric protein and 

methods to dissociated, entrap, and release subunits from heteromeric proteins may be different. 

Herein, we use Concanavalin A (Con A), a homotetrameric protein with a mass of 104 kDa, 

as a model therapeutic protein. Con A is a lectin, extracted from jack beans, that has been shown 

to possess a notable anti-hepatoma effect.[29] The tetramers were dissociated into dimer and 

monomer units using a urea solution, and subsequently loaded into pore expanded MSN 

(PEMSN) pores. When released in appropriate physiological buffer, these subunits re-associated 

into their active form, thus demonstrating the utility of this method in the delivery of larger 

molecular weight proteins (Scheme 1). 

 

 

Scheme A.1. Illustration of the dissociation, loading of Con A subunits into the expanded pores 
of MSN, release, and reassociation process of Con A tetramers. 

 

A.3     Materials and Methods. 

A.3.1     Materials 

Concanavalin A (from jack beans), mesitylene, cetyltrimethylammonium bromide (CTAB), 

98% tetraethyl orthosilicate (TEOS), 14.5 M NH4OH (28% w/w NH3), Urea and sodium acetate 

were purchased from Sigma-Aldrich and used as received.  

A.3.2     Pore expanded MSN 

A solution of 2.08 mM cetyltrimethylammonium bromide (CTAB) in nanopure water (1 g 

CTAB into 480 mL nanopure water) was mixed with 3.5 mL of 2 M NaOH(aq) and 7.0 mL 
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mesitylene. This mixture was stirred vigorously at 80 ˚C for 2 h before 5 mL tetraethyl 

orthosilicate was added dropwise at approximately 1 mL min-1. The reaction was allowed to 

continue for another 2 h and the resulting white precipitate was filtered, washed with abundant 

methanol, and dried for 12 h at 100 ˚C. Residual CTAB was removed via an acid extraction in 

which a suspension of 1 g as synthesized material was stirred at 50 ˚C for 6 h in 100 mL of 

methanol with 0.75 mL concentrated hydrochloric acid. The product was filtered again and 

rinsed with methanol and dried under vacuum for 12 h at room temperature.  

A.3.3     Protein dissociation, loading, and release 

Concanavalin A was disssociated and reassociated as reported previously.[30] Dissociation 

into dimer units was accomplished using 8 M urea in a sodium acetate buffer (2 µM protein in 20 

mM buffer, pH 5.2, with 0.15 M NaCl, 1 mM Mn2+, and 1 mM Ca2+).  This mixture was stirred 

at 25 ˚C with a constant pH of 4.8 for 18 h. The solution was then centrifuged and the resulting 

pellet washed with phosphate buffer saline solution (10 mM with a pH of 7.4) and lyophylized. 

The dissociated protein was loaded into MSN by stirring the protein solution at a mass:volume 

ratio of 1:5 for 6 h at room temperature with PEMSN. Protein subunit was successful released 

from the PEMSN and the subunits were reconstituted by diluting the loaded particle solution 

with 10 mM PBS buffer at a pH of 7.4 until the concentration of urea was negligible. This 

solution was sampled every 4 h for 24 h and the absorbance at 280 nm was measured. 

A.3.4     Fluorescence Studies 

Fluorescence measurements were recorded on a Horiba Jobin Yvon NanoLog using an 

excitation wavelength of 280 nm and a scanning range of 290-400 nm. The native protein was 

found to have an emission wavelength of 337 nm while the dissociated protein emission peak 

was red shifted to 352 nm. 

A.3.5     Gel Electrophoresis 

Gel electrophoresis was run in Tris buffer (pH 8) at 160 V for approximately 45 min using 

Bio Rad precast gels. The gel was soaked in Coomassie Brilliant Blue R250 staining solution for 

2 hours then transferred to a 50:40:10 water:methanol:acetic acid by volume destaining solution 

and left overnight to visualize protein bands.  
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A.3.6     Activity Quantification of Released Con A 

The activity of reassociated Con A was tested as has been previously reported.[30] A 

Sephadex G-100 column with a 2 mL bed volume was equilibrated overnight with 20 mM 

sodium acetate buffer (pH 5.2 with 0.15 M NaCl, 1 mM Mn2+, and 1 mM Ca2+) and then loaded 

with a 1 mL aliquot of released protein (before and after the particles were exposed to pepsin). 

Unbound protein was collected within 2 min and the bound protein was eluted using a 0.2 M 

glucose solution in the 20 mM sodium acetate buffer. The amount of protein in each fraction was 

quantified using an o-phthalaldehyde fluorescent method. 

A.3.7     Stöber silica (Non-porous silica particles) 

Stöber silica was synthesized by measuring out 150 mL of ethanol and 50 mL of 14.5M 

NH4OH (28% w/w NH3) in 250 mL round bottom flask. To this mixture, 12.5 mL of TEOS was 

added. The reaction mixture was stirred overnight at room temperature. Solutions were then 

centrifuged, washed with copious amounts of ethanol, and stored in ethanol. Silica particles were 

collected as needed for use and dried in a vacuum oven at 550°C for 5 hours.  

A.3.8     Nitrogen Physisorption Analysis 

Nitrogen adsorption-desorption measurements were carried out on a Micrometrics TriStar II 

surface area and porosity analyzer. Samples (60-100 mg) were degassed under nitrogen at 100 ˚C 

for 6 hours before analysis. BET surface area, pore volume, and pore diameter and pore volume 

measurements were taken at -196 ˚C using nitrogen gas and the BJH model was used to calculate 

pore volume and diameter values from the adsorption-desorption branches. 

A.3.9     Small Angle X-Ray Scattering 

Small angle x-ray scattering (SAXS) measurements were acquired using a PANalytical X-ray 

generator with a Cu target and an Anton-Paar SAXSess system, which is an updated model of 

the Kratky camera.[31] The signal was acquired by exposing of a phosphor image plate detector, 

which was digitized using a Perkin-Elmer Cyclone readout system and Anton-Parr SAXSquant 

software. The latter was used to perform the desmearing operation (15 iterations) to correct for 

the slit geometry of the SAXSess system and also to perform some particle size analyses. Data 

analysis was conducted on SAXSquant1D and the Irena SAXS package for Igor Pro.[32]  For 

absolute intensities (cross section per unit volume, cm-1), methods were developed to measure 

the transmission of the Cu-Kα x-rays and thickness of each sample. Transmission values for 
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samples were acquired on a Siemens D500 x-ray diffractometer using Cu-Kα x-rays diffracted 

from a LaB6 standard. The attenuation of the (110) peak from the LaB6 was measured with and 

without the sample placed in the beam on the diffracted side.  Samples were prepared by taking a 

finely divided and homogenized powder consisting of PEMSN and placing it on a commercial 

acetate adhesive tape. After mounting the sample film onto an aluminum plate with a 3 mm x 30 

mm slot, excess powder was gently tapped from the holder assembly. Data processing was 

performed by extracting the corrected absolute intensity data with SAXSQuant1D. A density of 

0.34 gcm-3 was assigned to the PEMSN sample based on commercial data from Sigma Aldrich. 

SAXS measurements were made on the commercial acetate tape (which exhibited some 

scattering, albeit much weaker than sample) and used to correct the intensity.  

A.3.10     Batch dynamic light scattering (DLS) 

A DAWN HELEOS II (Wyatt Technologies, Santa Barbara, CA) was used for determination 

of diffusion coefficients in batch mode. The light scattering setup is equipped with a 60-mW 

laser with an emission wavelength of 658 nm. The DLS detector attachment was connected by 

replacing detector 8 at an angle of 61.1°. The sample compartment is kept at and operating 

temperature of 25.0 ± 0.2 °C. Native and dissociated Con A samples were prepared in 10 mM 

PBS buffer and 8 M urea, respectively, (as above) at a concentration of 2 µM in 5 mL. 

Reassociated Con A samples were prepared in reassociation buffer (as described) which was 

assumed to be both isorefractive and isoviscous with 10 mM PBS. Each sample was then passed 

through a 0.2 µm Nylon filter into a dust free scintillation vial. A 5 min batch mode DLS 

experiment was then performed for each sample. One correlation function per second is averaged 

over a collection interval of 5 seconds for a total of 60 independent measurements. For each 

measurement, the average correlation function is fit with an exponential decay using ASTRA 6.1 

analysis software to determine a translational diffusion coefficient (Figure S7a). Solution 

refractive indices used in fitting process were 1.330 for 10 mM PBS and 1.470 for 8 M Urea. 

The mean hydrodynamic radius of the analytes (Rh) is then calculated from the translational 

diffusion coefficient (D) via the Stokes-Einstein equation for Brownian motion: 

D=kBTπηRh 

where kB is the Boltzmann constant, η viscosity of the medium, and T the temperature. The 

viscosity of 10 mM PBS and 8 M urea are 0.8945 cP and 1.5124 cP, respectively at 25 °C.  
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These experiments were done because it is important to know the size of the dissociated protein 

and whether or not it reassociated correctly. 

A.4     Results and Discussion 

A.4.1     Pore Expanded MSN 

To accommodate the 52 kDa protein dimer and 26 kDa protein monomer subunits formed 

from the dissociation of Con A, PEMSN was synthesized using mesitylene as a pore expanding 

agent.[13] Nitrogen sorption analysis (Figure B.1) show a type IV isotherm with high surface 

area (726 m2g-1) and a pore volume of 1.34 cm3g-1. The double plateaue shape of the isotherm is 

consistent with previously reported isotherms of PEMSN and is indicative of heterogeneous pore 

expansion.[13] Barrett-Joyner-Halenda (BJH) pore width distributions calculated from the 

desorption branch of nitrogen sorption data shows a bimodal pore size distribution: a major peak 

at 5.8 nm and a minor peak at 15.9 nm, also consistent with previously reported materials.12  

Small angle X-ray scattering (SAXS) was used to further characterize the particles 

(Figure B.2). We observed diffraction from the (100) plane of hexagonally ordered pores 

common to MCM-41.[34] The d(100) was measured to be 4.4 nm by TEM (Figure B.3). For MSN 

prepared with and without mesitylene the magnitude of Q at the (100) peak yields an interplanar 

spacing of 7.3 nm and 13.5 nm, respectively.[34]  

The particle size of the PEMSN was determined to be 300 ± 60 nm by dynamic light 

scattering (DLS) in a PBS suspension (Figure B.4). The characteristic TEM image in Figure 

A.1A shows the characteristic ordered hexagonal packing of the pore channels in PEMSN. 

Additional TEM images of protein loaded PEMSN before staining with uranyl acetate are 

located in the Supporting Information (Figure B.5). 

These data together indicate that the MSN mesopores were successfully expanded. This 

was accomplished through the addition of a pore expanding agent, mesitylene. This compound is 

also known as trimethylbenzene, or TMB, and is hydrophobic in nature. So when it is introduced 

into the MSN synthesis, it is not soluble in the aqueous media and instead penetrates into the 

hydrophobic core of the surfactant micelles, thereby causeing the mucelles themselves to expand 

in diameter. The result is that the micelles are bigger, so when the silica precuseor undergoes 

hydrolysis and condensation, forming oligomers around the surfactant template, and eventually 
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forming the amorphous silica matrix through which the surfactant micelles penetrate, and when 

the surfactant is subsequently removed, the pores have been expanded and are biggerr. 

 

 

Figure A.1. Transmission electron micrographs of a) pore-expanded MSN and b) Con A subunit 
loaded PEMSN (Protein stained with 2% uranyl acetate). 

 

A.4.2     Protein Dissociation and Loading 

Protein dissociation was accomplished using 8 M urea in a sodium acetate buffer (2 µM 

protein in 20 mM buffer) and confirmed through fluorescence studies using an excitation 

wavelength of 280 nm. The native protein was found to have an emission wavelength (λmax) of 

337 nm while the dissociated protein emission peak was red shifted to 352 nm (Figure B.6), 

which is consistent with previously reported fluorescence studies of Con A.[24] Successful 

dissociation was also confirmed using gel electrophoresis. A band corresponding to the dimer 

unit was observed at ~50 kDa vs. the ~100 kDa band from the native protein. These data fit well 

with the known masses of 52 kDa and 104 kDa for the dimer and native protein, respectively 

(Figure A.2). Batch DLS studies corroborate dissociation to dimer, with measured hydrodynamic 

radii (Rh) of 4.5 ± 0.6 nm for native and 2.2 ± 0.3 nm for the dissociated, in their respective 
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buffers (Figure S7b). These values are in agreement with hydrodynamic sizes of tetrameric and 

dissociated Con A as reported in literature.[35]  

 

Figure A.2. Gel electrophoresis of native, dissociated, and reassociated Con A. 

 

The dissociated protein was stirred with the PEMSN at a mass:solution volume ratio of 1:5 

for 6 h at room temperature then centrifuged. The pellet was washed with 10 mM PBS to remove 

weakly adsorbed protein subunits from the surface, and lypholized. This was further verified 

using thermogravimetric analysis relative to a blank in which PEMSN was treated in the same 

manner without any protein (Figure B.8, calculation methodology is discussed), which indicated 

a loading of 0.4 µmol g-1 PEMSN (50.9% of the protein to which the PEMSN was exposed). In 

contrast, control experiments using nonporous Stöber silica particles (TEM Figure B.9) and 

MCM-41 with comperable surface area to the PEMSN showed only 6% of the protein solution 

was adsorbed onto the surface of nonporous silica and 27.5% onto MCM-41 (Figure B.10). The 

low loading onto MCM-41 specifically suggests that primary factor in achieving high protein 

loading is the expanded pore size of the PEMSN, not the surface area. That is to say, protein 

loading is more effective when the subunits have access to the pore volume through larger pore 

openings.  

To visualize the protein units, a 2% uranyl acetate negative staining solution was used. The 

uranyl cation binds biological material, specifically staining carboxylic acid and phosphate 

groups, which makes it an ideal stain for proteins and DNA in TEM imaging.[36] Con A 

possesses several carboxylic acid containing residues, including aspartic acid residues 

coordinated to the Ca2+ and Mn2+ ions in the active site. Thus, the dark areas in the PEMSN 

shown in Figure A.1B can be attributed to protein ionically bound to UO2
2+.[38] Additionally, 

the spotting pattern indicates that the proteins are localized around the pores. Staining of the bare 

PEMSN by the uranyl cation was not observed (Figure B.11). 
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To further illustrate the pores of the PEMSN protects the protein subunits from 

environmental factors the loaded PEMSN were incubated in a 1:0.5 protein:pepsin solution for 1 

h at 37 ˚C. Pepsin is a common digestive enzyme (protease) that breaks down exposed proteins 

into smaller peptides via hydrolysis of the amide bonds. Hence, decreases in pore volume 

relative to the unloaded MSN and darkened areas in the TEM can be attributed to protein 

subunits which were sheltered from pepsin digestion within the PEMSN pores. 

Nitrogen sorption analysis of these particles showed a small increase in pore volume (0.14 

cm3 g-1 to 0.2 cm3 g-1) and surface area (53.7 m2 g-1 to 118 m2 g-1) suggesting most of the protein 

subunits remained in the pore framework (Figure B.12). However, it should be noted that peptide 

fragments from digested protein would produce similar results. Therefore, the activity of protein 

released from the PEMSN that underwent digestion was tested and is addressed later. 

The TEM image (Figure A.3) of protein subunit loaded PEMSN post pepsin exposure 

suggests protein persists within the pores. These data indicate that the protein subunits which 

were loaded into the PEMSN pores were protected from the pepsin digestion. Gel electrophoresis 

of the proteins unloaded from these digested particles showed clear bands corresponding to Con 

A dimmers (data not shown), indicating that the proteins were additionally undamaged by the 

digestion. Thus, it can be concluded that dissociated protein was successfully loaded into the 

PEMSN pores.  

 

 

Figure A.3. Transmission electron micrographs of protein loaded PEMSN after pepsin  
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A.4.3     Protein Release and Reassociation. 

Protein subunits were released and the proteins were reconstituted by suspending the protein 

subunit loaded PEMSN in a solution of 10 mM PBS, pH 7.4 buffer (1 mg MSN: 15 mL buffer). 

This solution was sampled every 4 h for 24 h and the absorbance at 280 nm was measured. After 

one full 24 h cycle, 60% of the protein successfully diffused from the mesopores (Figure A.4). 

 

 

Figure A.4. Protein release profile of Con A at pH 7.4 in PBS buffer. Error bars correspond to 
±5% of the measured value. Experiments were done on protein released from PEMSN without 
pepsin digestion. 

 

 

Fluorescence measurements showed a blue shift of the 352 nm peak back to 337 nm (Figure 

B.6), indicating that the subunits successfully reassociated to form the tetramer. This was 

confirmed via gel electrophoresis, which showed the disappearance of the ~50 kDa band and 

reemergence of the ~100 kDa band (Figure A.2). Reassociation of subunits is also validated by 

batch DLS as seen in Figure S7b, with Rh for the reassociated Con A of 4.7 ± 0.5 nm and 4.8 ± 

0.4 nm with and without the pepsin digestion procedure, respectively. Hydrodynamic sizes show 

no statistical difference between native and reassociated Con A. 

The activity was tested by binding the reassociated protein to a nylon membrane and adding 

horseradish peroxidase (HRP).[38] Con A binds to the mannose group in HRP without affecting 

enzymatic activity; thus the activity of the protein can be visualized through the colored product 

created when HRP and Con A bind and react with ABTS substrate on the membrane. These 

binding experiments with the re-associated protein produced a characteristic pink spot (Figure 

A.5), indicating that the Con A remains active after it is released from the PEMSN and re-
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associated. This experiment was done with protein released from PEMSN that had not been 

exposed to pepsin. 

 

 

Figure A.5. Binding activity of a) native, b) dissociated, and c) reassociated Con A bound to a 
nylon membrane. The color is the product of active Con A bound horseradish peroxidase reacting 
with ABTS.  

   

The amount of active Con A after release from PEMSN and PEMSN exposed to pepsin 

was quantified using o-phthalaldehyde fluorescence, which has been shown to detect as little as 

100 ng of protein.[39] This was done relative to a calibration curve constructed using native Con 

A (Figure B.13). First, the protein solution was run through a Sephadex G-100, which consists of 

crosslinked dextrose, column. Any active Con A would bind to the sugars on the column while 

inactive protein would pass through. The active Con A was then eluted with a glucose solution. It 

was determined that 97% of the released protein, (100% in the case of the sample digested with 

pepsin) was bound to the column and thus active. It is possible that the protein released from 

pepsin digested PEMSN shows higher activity because the pepsin removed any improperly 

reassociated or otherwise inactive Con A from the silica surface. None of the free, dissociated 

Con A showed activity after exposure to pepsin and Con A on nonporous silica did not survive 

the digestion. This shows that the vast majority of released from PEMSN protein reassociates 

properly, even after the PEMSN was digested with pepsin. Additionally, the inactivity of the free 

protein and that released from nonporous silica indicates that loading into the PEMSN pores is 

indeed necessary to preserve the Con A. 

A.5     Conclusion. 

We have demonstrated the successful synthesis of pore enlarged MSN and its potential to 

deliver large molecular weight, active therapeutic proteins. Con A was shown to dissociate into 
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smaller subunit groups which were successfully loaded into the expanded pores of MSN. These 

loaded subunits were sheltered from pepsin degradation and, upon a controlled, diffusion based 

release, reassociated into the active protein. This was demonstrated through both gel 

electrophoresis and mannose binding experiments. This method of therapeutic protein delivery 

may be expanded to include heteromeric proteins and larger, multisubunit enzymes in the future. 

Heteromeric proteins could prove challenging due to variable adsorption and desorption rates 

between different subunits from the silica surface; however, it may be still possible to recover 

active protein. Further experimentation is necessary. 

A.6     Associated Content  

The Supporting Information is available in Appendix B. 

Figures B.1-B.13: Small angle x-ray scattering, additional TEM of pore expanded MSN with and 

without loaded protein and Stöber particles, N2 adsorption and desorption isotherms of the 

different materials synthesized in this work, DLS of pore expanded MSN and native/ dissociated/ 

reassociated protein, fluorescence studies of protein dissociation and reassociation, TGA of 

protein loaded onto Stöber silica, TGA of buffer vs. protein and buffer loaded onto pore 

expanded MSN and native Con A calibration curve for the o-phthalaldehyde protein activity 

quantification (PDF). 
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APPENDIX B 

CONSERVED ACTIVITY OF REASSOCIATED HOMOTETRAMERIC PROTEIN 

SUBUNITS RELEASED FROM MESOPOROUS SILICA NANOPARTICLES SUPPORTING 

INFORMATION 
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Davidson1, William Smith1, Madelyn Mettler1, Sydney A. Toler1, Fiona Davies1, Kim Williams1, 

and Brian G. Trewyn2,5
 

 
 

Figure B.1. a) Nitrogen sorption isotherm of PEMSN synthesized using mesitylene pore 
expanding agent using BET calculation, b) BJH pore size distribution of PEMSN showing two 
pore size distributions centered on 5.8 nm (major peak) and 15.9 nm (minor peak). 

 

 
Figure B.2. Diffraction peaks present in SAXS data acquired for MCM-41 prepared with (red) 
and without mesitylene (black).  
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a)  b)  

 

Figure B.3. TEM images of the PEMSN. The right image is a magnification of the inset depicted 
on the box outlined in the image on the left. d(100) was measured by ImageJ as 4.4 nm. 

 

 
Figure B.4. Dynamic light scattering measurement of particle size distribution of PEMSN 
suspended in 10 mM PBS pH 7.4 showing an average size of 300 nm. 

 
 

 

Figure B.5. TEM images of PEMSN before (a) and after (b) and Con A loading. 
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Figure B.6. Fluorescence measurements at an excitation wavelength of 280 nm of native Con A 
(dotted line), dissociated Con A (dashed line), and re-associated Con A (solid line). Dissociated 
protein shows a red shift from 337 nm to 352 nm. Re-associated Con A after diffusing out of the 
mesopores of MSN showing a blue shift from 352 nm back to the 337 nm characteristic of the 
native Con A. Fluorescence intensity of the re-associated Con A is very low because this sample 
was diluted until the urea concentration was negligible such that the protein concentration was 
0.7 µM. Measurements were taken on samples that had not been exposed to pepsin. 

 
 

 
Figure B.7. Con A size measurements from dynamic light scattering in respective buffers. The 
figures are a) correlation functions for native Con A (circles), dissociated Con A (squares), 
reassociated Con A post pepsin digestion (diamonds), and reassociated Con A without exposure 
to pepsin (triangles) and b) dynamic light scattering size measurments for Con A showing 
dissociation and reassociation to approximate size of native protein. The solid line represents 
data for native Con A, the alternating dots and dashes line for dissociated Con A, the dashed line 
for reassociated Con A, and the fine dotted line for reassociated Con A post pepsin digestion. For 
similarly sized particles the y-intercept, initial ratio of scattering intensity, is proportional to the 
concentration analyte, though not quantitatively, a decrease is shown for the post pepsin digest 
sample 
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Figure B.8. Thermogravimetric analysis (TGA) of buffer loaded (dotted line) indicating a 39.8 
wt% loss and buffer with Con A loaded (solid line) PEMSN indicating a 42 wt% loss by 800 ˚C. 
The weight percent difference between the buffer loaded blank final mass and the protein loaded 
PEMSN final mass was taken to determine how many milligrams of protein were loaded per 
gram (22 mg/g PEMSN). The weight loss due to silanol condensation is accounted for in the 
blank. From this and the molecular weight of Con A (54,000 g/mol), a loading in micromoles 
protein per gram PEMSN can be determined (0.407 µmol/g PEMSN). This was then compared 
to the original concentration to which the particles were exposed to determine what percentage 
was loaded (50.9%).  

 
 

 
Figure B.9. TEM images of non-porous silica nanoparticles (Stöber process) 
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Figure B.10. Thermogravimetric analysis (TGA) of non-porous silica (Stöber silica), Con A 
loading on nonporous silica nanoparticles, MCM-41 type mesoporous silica, and Con A loading 
onto MCM-41. The weight loss before 200 ˚C is attributed to water loss/ silanol condensation 
and accounted for in the blanks. Calculations were done as described in Figure S9. These data 
show a loading of 6% onto the nonporous silica and 27.5% onto the MCM-41.  

 
 

 
Figure B.11. TEM images of PEMSN without protein loading stained with uranyl acetate. 
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Figure B.12. BET of a) PEMSN after loading Con A subunits and b) pore expanded, Con A 
loaded PEMSN after a pepsin digestion. The pore volume (0.14 cm3 g-1 to 0.2 cm3 g-1) and 
surface area (53.7 m2 g-1 to 118 m2 g-1) are relatively unchanged between the two, which 
indicated Con A within the PEMSN pores were not digested by pepsin.  
 

 
Figure B.13.Native Con A calibration curve for the o-phthalaldehyde fluorescence quantification 
of released Con A activity showing: 630,000 ng unbound protein and 22,200,000 ng bound 
protein for the Con A released from PEMSN, and 0 ng of unbound protein and 3,490,000 ng of 
bound protein for the protein released from PEMSN that was exposed to pepsin. One milliliter of 
Con A solution was added to a 2 mL Sephadex G-100 column, the inactive protein was collected 
over 2 min, and the bound protein was collected in 2 min increments for 20 min where each 
fraction consisted of 4 mL. The excitation wavelength was 340 nm and emission was monitored 
at 430 nm. 
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APPENDIX C 

DIRECT SYNTHESIS OF SILVER NANOPARTICLE MODIFIED  

SPHERICAL MESOPOROUS SILICA AS EFFICIENT  

ANTIBACTERIAL MATERIALS  

A paper to be submitted in Acta Biomateriala 

Sutapa Joardar,1,3  Papu Biswas,1,3 Marisa L. Adams,1,4,Gauri V. Deodhar,1 Kendall Deweese,1 

Malcolm Davidson,2 Martin J. Menart,1 Ryan M. Richards,1,2 Brian G. Trewyn1,2,,5 

C.1     Abstract  

A one-step process is demonstrated to prepare silver nanoparticle decorated MCM–41 

type mesoporous silica nanoparticles (AgMSN, average diameter ∼ 500 nm) using a novel 

cationic surfactant that will not lead to precipitation of AgBr. The resulting nanostructure was 

characterized using X-ray diffraction, nitrogen physisorption and chemisorption analyses, 

electron microscopy techniques, and ultraviolet−visible spectroscopy. Together, these data 

demonstrated the silver nanoparticles were uniformly dispersed on the MSN. Gram-negative E. 

coli K12 and Gram-positive B. subtilis were used to study the antibacterial properties of these 

nanocomposites by both the plate count method and optical density measurements. In the 

antibacterial tests for E. coli K12 and B. subtilis, the AgMSN exhibited low minimum inhibitory 

concentrations of 85 µg mL-1 AgMSN (Ag content 6.1 µg mL-1) and 90 µg mL-1 (Ag content is 

6.4 µg mL-1), revealing the high antibacterial activity. Additionally, >95% growth reduction in 

continuous re-culturing tests (6 cycles, 25 days) at minimum bactericidal concentration 

demonstrate excellent long-term antibacterial activity of AgMSN. The nanocomposites showed 

excellent antibacterial activity against both. These results demonstrate that AgMSN composites 

possess great potential as an antibacterial material. 

C.2     Introduction  

Infectious diseases remain among the top five leading causes of death worldwide, 

independent of socioeconomic class; resulting 9.2 million deaths in 2013 alone (about 17% of all 
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deaths that year).[1, 2] In developed countries an estimated 1.4 million people (5-10% of hospital 

patients) are affected by health-associated infections (HAIs) at any given time, and the risk 

increases by two to three fold in under-developed countries.[3] It is clear that antibacterial 

agents, which play a significant role in combating microorganism infections, are necessary; 

however, due to the emergence of antibiotic-resistant bacterial strains, conventional antibiotics 

are becoming less potent, resulting in poor treatment efficacy and a significant increase in 

healthcare costs.[4, 5] In the United States alone, more than 2 million people with antibiotic-

resistant infections are reported each year, leading to at least 23,000 deaths.[6] Therefore, it is 

crucial that new antimicrobial agents which can overcome antibiotic-resistance and possess 

improved antibacterial activity be developed.  

Silver complexes are a potential candidate as these materials are known for their antibacterial 

and antifungal properties. Indeed, the therapeutic use of simple silver salts or complex species 

for the treatment of local infections, mental illness, epilepsy, nicotine addiction, gastroenteritis, 

and sexually transmitted diseases including syphilis and gonorrhea, is widely acknowledged.[7-

10] For example, silver sulfadiazine is used as a topical broad-spectrum antibiotic to treat 

bacterial infections in severe burns or chronic wounds, and AgNO3 has been utilized in eye drops 

to prevent gonococcal ophthalmic neonatorum in newborns.[10-12] Ag NP are widely used in 

wound dressings, for the treatment of burns, as water disinfectants, in antiseptic sprays, and as 

coatings on medical devices such as synthetic implants and urinary tract and intravenous 

catheters to prevent infections.[10, 13-19] 

Silver nanoparticles (Ag NP), in particular, are known for their broad-spectrum activity 

against bacterial and fungal species, including antibiotic-resistant strains. Previous studies 

suggest Ag NP release Ag+ ions, which interact strongly with thiol groups of intracellular 

enzymes and proteins, leading to microorganism degradation.[10, 13-21] However, Ag NP tend 

to oxidize due to their high surface activity and aggregate in practical applications, leading to a 

substantial reduction of their antibacterial activity.[19, 22, 23] Recently, it has been 

demonstrated that a steady, controlled release of silver over a long period of time can overcome 

this challenge.[20] Hence, a variety of materials such as zeolites,[20] titanium dioxide,[24, 25] 

activated carbon, carbon sphere, graphene oxide,[22, 26-29] and polymer films[30-32] have been 

investigated as silver-carrying antibacterial agents. The surface of these carriers can be loaded 

with silver via electrostatic binding, physical adsorption, or cation exchange, but most of the 
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composite materials listed above suffer from one or more of the following disadvantages: 

unfavorable biocompatibility and size, low dispersity, and/or a rapid decrease in antibacterial 

activity due to the quick consumption of weakly bonded silver.   

Recently, the development of Ag-silica nanoparticle composites has attracted significant 

attention as Ag NP can easily be supported within silica nanoparticles. This hybridization 

prevents aggregation and regulates the release of silver. Specifically, MCM-41 type mesoporous 

silica nanoparticles (MSN) have been investigated due to their biocompatibility, large surface 

area, uniform pore structure, high pore volume, and good chemical and thermal stability.[33, 34] 

Their biocompatibility has allowed MCM-41 nanoparticles to be successfully utilized for protein 

immobilization, drug delivery and controlled release, and as antimicrobial carriers.[35-40] 

Efforts have also been focused towards the development of Ag-silica composite with 

antibacterial functionality.[20, 36, 40-44] However, most of these methodologies require a two-

step synthetic procedure (separate steps are required to synthesize Ag NP and Ag-silica 

composite),[20, 41-45] reducing agents (formaldehyde, glucose, rhodamine monomer, etc.),[44-

46] and coupling agents (3-mercaptopropyltrimethoxysilane or N-(aminoethyl)-amino-propyl 

trimethoxysilane)[42, 44] to encapsulate Ag NP in silica. The currently available one-step 

synthetic routes utilize cetyltrimethylammonium bromide (CTAB) and silver salts (AgNO3) or 

silver-amine complexes [N-(aminoethyl)-amino-propyl trimethoxysilane complex of silver], 

which has the disadvantage of leaching silver into the solution via precipitating AgBr.[45, 46]  

Herein, we describe a one step, facile synthesis of AgNP decorated MCM-41 type spherical 

mesoporous silica nanoparticles (AgMSN). Instead of CTAB, cetyltrimethylammonium 

perchlorate (CTAP) was used as the cationic surfactant template former, avoiding the possibility 

of AgBr precipitation. The resulting particles showed highly dispersed AgNP (10–30 nm) on the 

MCM–41 framework, which effectively protected the Ag NP from aggregation and regulated the 

slow release of Ag+ ions. These attributes contributed to the long-term antibacterial effect of 

AgMSN against both Gram-positive and Gram-negative bacteria.   

C.3     Experimental Section 

C.3.1     Materials 

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), sodium 

hydroxide (NaOH), silver nitrate (AgNO3), and perchloric acid (HClO4) were purchased from 
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Sigma-Aldrich Chemical Co. and used without further purification. Standard strains of 

Escherichia coli K12 and Bacillus subtilis were utilized to determine antibacterial activities.  

CAUTION! Perchlorate salts are potentially explosive and therefore should be handled with 

care. 

C.3.2     Preparation of cetyltrimethylammonium perchlorate (CTAP) 

Ten grams of cetyltrimethylammonium bromide (CTAB) was dissolved in a minimum 

volume of water (50 mL). The solution was then placed in an ice-water bath and concentrated 

perchloric acid was added drop-wise with stirring until strongly acidic (as determined using pH 

strips). This mixture was kept overnight at 4 ˚C, and the white, crystalline precipitate was filtered 

and washed with cold water (20 mL). The product was then dried in vacuum at 333 K for 12 h 

and recrystallized twice from an acetonitrile:water (1:1 v/v) solution before use.   

C.3.3     Synthesis of silver nanoparticle decorated spherical mesoporous silica 

nanoparticles (AgMSN) 

Cetyltrimethylammonium perchlorate (CTAP, 1.15 g, 3.0 mmol) was dissolved in 240 mL 

water-methanol (2:1, v/v) solution and stirred vigorously at 328 K for 1 h. Silver nitrate (0.51 g, 

3 mmol) was added to the surfactant solution followed by drop-wise addition of tetraethyl 

orthosilicate (TEOS, 6.9 mL, 30 mmol), followed by sodium hydroxide solution (3.5 mL, 2M). 

The mixture was vigorously stirred at 328 K for 6 h, forming a greenish-yellow precipitate which 

was isolated by filtration, washed copiously with water and methanol, and dried at room 

temperature for 12 h. This product was calcined at 823 K for 6 h to remove the surfactant 

template (CTAP). MCM–41 type mesoporous silica nanoparticles (MSN) was synthesized by the 

same method without adding AgNO3.  

For characterization purposes, hydrofluoric acid was used to extract the silver nanoparticles. 

Briefly, aqueous HF (48 wt %) was diluted to 2 wt % with ethanol and 10 mg of AgMSN was 

dissolved in 20 mL of this etching solution. After a few minutes stirring, the solution turned grey 

leaving Ag NP solid. This solution was centrifuged and washed with water and ethanol to 

remove the HF. Between each wash, the precipitate was re-dispersed via 10 min of sonication. It 

is important to remove all the HF because HF is a very dangerous material. 
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C.3.4     Characterization 

X-ray diffraction data were collected at room temperature using a Philips Panalytical X’Pert 

X-ray diffractometer Model PW1729 operated at 45 kV and 40 mA using CuKα radiation (λ = 

1.5418 Å) with a step size 0.008 and a scanning rate of 0.1 min-1 in the 2θ range of 10–120 

degrees.  

Surface analyses were performed by nitrogen sorption analysis in a Micromeritics Tristar 

3020 surface area and porosity analyzer. The samples were degassed under nitrogen flow at 373 

K for 5 h to remove impurities adsorbed on the surface. After degassing, the sample was 

subjected to nitrogen physisorption analysis to evaluate specific surface area, pore volume, pore 

size distribution, and pore diameter. The surface areas were calculated by the Brunauer-Emmett-

Teller (BET) method and the pore size distributions by the Barrett-Joyner-Halenda (BJH) 

method.  

Temperature-programmed reduction was performed to determine if silver oxide had formed 

in the AgMSN during calcination. The sample was ramped from 30 °C to 250 °C at 10 °C/min 

under flowing 10% H2/Ar (50 mL/min) in a Micromeritics Autochem II 2920 chemisorption 

analyzer.  

Transmission Electron Microscopy (TEM) imaging was done on a Philips FEI CM 200 

transmission electron microscope operated at 200 kV. TEM samples were prepared by sonicating 

an aliquot of the sample in ethanol for 15 min and drop-casting a single drop of this suspension 

onto carbon-coated, 300 mesh copper grids. Grids were allowed to air dry prior to imaging. EDS 

was performed in the aforementioned TEM instrument equipped with an EDX-ray detector.  

SEM was performed using a JEOL JSM-7000F SEM instrument. Samples were mounted on 

aluminum stubs with conductive carbon tape adhesive prior to imaging. Images were obtained at 

an accelerating voltage of 20 keV.  

Particle size and zeta potential (ζ-potential) were measured in a Malvern Zetasizer Nano 

Series HT. For the dynamic light scattering experiments, the samples were suspended in 

phosphate buffer saline solution (PBS, pH 7.4) at a concentration of 100 µg ml-1 and sonicated 

for 45 min. For zeta potential measurement, 1 mg of sample was suspended in 1 mL of 

phosphate buffered-saline and sonicated.  

The content of silver in AgMSN was determined using a Perkin Elmer inductively coupled 

plasma atomic emission spectrometer (ICP-AES) model NexION 300Q. Approximately 5 mg of 
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sample was dissolved in 10 mL aliquot of 500 mL solution prepared from mixing 50 µL of 36% 

HF and 500 µL of aqua regia.  

In order to prove prolonged release of Ag+ ions from the AgMSN, a mass of 50 mg of the 

powdered product was soaked in 50 ml of nanopure water and agitated in a shaker incubator at 

37º C for periods ranging from 1 to 30 days. At selected intervals, the supernatant solution was 

collected after centrifugation, and the concentration of released Ag+ ions in the supernatant 

solution was measured using ICP-AES.  

Ultraviolet−visible (UV−vis) absorption spectrum of the AgMSN was acquired by using a 

Thermo Scientific Evolution 300 spectrophotometer at room temperature.  

C.3.5     Antimicrobial Test 

The antibacterial activities of AgMSN were measured by a series dilution method. AgMSN 

(50 mg) was suspended in 6 mL of Muller-Hinton Broth and inoculated with 1 mL of freshly 

prepared stock culture of Escherichia coli K12 or Bacillus subtilis. After an 18 h incubation time, 

aliquots of each sample were diluted, 200 µl plated on sterile Petri dishes, covered with Muller-

Hinton Agar. The plates were incubated for 20 h at 37 °C. After the incubation period, the 

colony forming units (CFU) of each plate were determined. Colonies were counted and recorded 

for dilutions containing between 30 and 300 colonies. For comparison, antimicrobial activity of 

MSN and a solution without nanoparticles was tested by the same method, using the same 

concentrations as AgMSN.  

To test the antimicrobial activity of AgMSN against Ag NP, AgMSN and Ag NP with the 

similar Ag concentration (24.28 µg mL-1 for E. coli and 25.04 µg mL-1 for B. subtilis) were 

inoculated with freshly cultured bacteria (1×106 CFU mL-1). After an incubation time of 24 h at 

37 ºC, sample was diluted and plated on Mueller-Hinton agar plates. The plates were incubated 

for 24 h and colonies were counted. 

C.3.6     Minimum Inhibitory Concentration (MIC) 

Escherichia coli K12 and Bacillus subtilis were cultured in the Muller-Hinton broth at 37°C 

on a shaker incubator at 200 rpm for 6 h. The concentration of the microorganisms, 

corresponding to an optical density of 0.1 at 600 nm, was diluted with the medium to 1×108 CFU 

mL−1, then again to 1×106 CFU mL−1. This bacterial suspension (100 µL mL−1) was mixed with 



 99 

solutions of AgMSN in medium at varying concentrations (ranging from 50 µg mL-1 to 400 µg 

mL-1) and the final volume of the solutions were adjusted to 10 ml with media. The solutions 

were shaken at 37 °C on a shaker incubator at 200 rpm for 24 h. Bacterial viability was 

determined by optical density at 600 nm (OD600 nm). Simultaneously, aliquots of each solution 

were diluted and plated on Muller-Hinton Agar. The plates were incubated at 37 °C for 20 h, 

then colonies were counted and compared to those on control plates to calculate changes in the 

cell growth inhibition. The percentage of cell growth reduction (R, %) was calculated using the 

following equation:  

     R = {(C0 – C)/C0}×100 

where C0 is the number of CFU from the control sample and C is the number of CFU from 

treated samples. Each concentration was prepared and measured in triplicate, and all experiments 

were repeated at least thrice in parallel.  

C.3.7     Antibacterial Growth Kinetics 

Approximately 1×107 CFU mL−1 bacterial suspension was inoculated with different 

concentrations (85−360 µg mL−1) of AgMSN in Muller-Hinton Broth. The mixtures were shaken 

at 37 °C on a shaker incubator at 200 rpm for 0–96 h. The optical density at a wavelength of 600 

nm (OD600 nm) based on the turbidity of the cell suspension was measured to monitor bacterial 

growth at different time intervals. The initial time of bacterial addition was set at time zero. 

Since the AgMSN can interfere with the optical density reading at 600 nm, the appropriate 

concentration of nanoparticles was added into the media and used as the background 

measurement. Growth curves resulted from bacteria only, and AgMSN incubated with bacteria 

were plotted against time. The bacterial samples were also incubated with/without AgMSN on 

agar in parallel. Aliquots were withdrawn from each of the mixtures at definite time intervals and 

diluted further. Final solutions (200 µL) were plated on Muller-Hinton agar plates immediately. 

The plates were incubated at 37 °C for 24 h, and bacterial colonies were counted. Colony 

forming unit (CFU) in logarithmic scale versus time (log10CFU mL−1 vs time) was plotted to 

determine the bactericidal kinetics.  This test was done to see if the silver containing material 

effected the growth kinetics of the bacteria in any way which might indicate antibacterial activity 

on the part of the material. 
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C.3.8     Re-culturing Test 

A freshly cultured 1×106 CFU mL−1 bacterial suspension (100 µL mL-1) was inoculated with 

the determined AgMSN MBC (1 mg mL-1 and 7.14 mg mL-1 for E. coli K12 and B. subtilis, 

respectively) at 37 °C on a shaker incubator at 200 rpm. Aliquots (200 µL) were withdrawn at 

different time intervals, plated on Muller-Hinton agar, and incubated for 20 h, after which 

colonies were counted. Freshly cultured bacterial suspension (1×106 CFU mL−1, 100 µL mL-1) 

was added every 96 h, plated, incubated, and the colonies quantified. All procedures were 

repeated for more than one month.  

C.3.9     Membrane Permeability Assay 

Logarithmic-phase E. coli K12 or B. subtilis (optical density, OD600 nm = 0.5) was incubated 

with 400 µg mL-1 AgMSN at 37 °C for 12 h at 200 rpm and then stained using propidium iodide 

(PI, 3 µM). The fluorescence was monitored with excitation at 535 nm and emission at 620 nm. 

An equal volume of medium with PI but without AgMSN was used as the control.  

C.3.10    Characterization of treated bacteria by TEM 

The size and morphology of AgMSN treated and untreated bacteria were examined by TEM. 

Prior to microscopy analysis, bacteria samples were prepared using procedures described 

previously in the literature.[48] Escherichia coli K12 and Bacillus subtilis were inoculated 

overnight in the Muller-Hinton broth at 37 °C and 200 rpm until an OD600 of 0.5 was attained. 

The bacteria cells (30 mL) were then harvested, centrifuged, and re-dispersed in pH 7.4 PBS 

buffer. AgMSN (400 µg mL-1) was added to bacteria and the mixture was incubated at 37 °C for 

10 h while shaking at 200 rpm. The mixture was then centrifuged at 2200 xg for 8 minutes, and 

the supernatant was discarded. A drop of bacteria cell suspension was placed onto a copper grid 

and dried overnight. 

C.4     Results and Discussion  

C.4.1     Synthesis and Characterization of AgMSN 

This one-step co-condensation synthesis yielded well-dispersed silver nanoparticles on 

MCM-41 type mesoporous silica nanoparticles (AgMSN) without the precipitation of AgBr. As 

a control to demonstrate the advantages of a mesoporous silica matrix, unsupported silver 

nanoparticles (AgNP) were extracted by removing the silica matrix with 2% HF.  
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Low-angle X-ray diffraction patterns of the MSN and AgMSN are shown in Figure C.1a. In 

the low angle region (2θ ~ 1−5º) two characteristic Bragg reflections were observed. The strong 

d100 reflection at 2θ ~ 2.0º and the low intense d110 at 2θ ~ 4.0º, respectively, correspond well to 

the 2D hexagonally arranged pore structure of the mesoporous silica framework and confirm the 

long-range structural ordering of AgMSN and MSN materials.[46]  

Wide angle X-ray diffraction of the AgMSN showed characteristic peaks of Ag(0), 

confirming the formation of a crystalline Ag(0) phase. The diffraction pattern matched well with 

standard diffraction data for the fcc structure of the Ag(0) with Fm3m space group and a cubic 

unit cell where a = b = c = 4.0850 Å (JCPDS No. 04-0783). In Figure C.1b, the peaks at 2θ 

values of 38.4, 44.6, 64.7 and 77.6 were indexed to the (111), (200), (220) and (311) planes of 

Ag(0), respectively. No diffraction peak characteristic of Ag2O or other silver oxides were 

identified in the pattern, indicating that all silver species are in the fully reduced state. 

 

 

Figure C.1. (a) Low and (b) wide angle XRD patterns of MSN (blue) and AgMSN (red).  

 

Textural properties such as pore volume, pore size, and surface area were obtained by 

nitrogen sorption analysis using BET isotherms and BJH calculations. The isotherms (Figure 

C.2) were type IV for both materials, which is characteristic of mesoporosity.[46]  
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Figure C.2. Nitrogen sorption adsorption/desorption isotherms and pore size distribution 
(inset) of MSN (blue) and AgMSNs (red). 

 

MSN material synthesized using only CTAP showed a BET surface area of 984 m2g-1, a pore 

volume of 0.805 cm3g-1, and an average pore diameter of 2.6 nm. These calculated values were 

in agreement with those reported for good quality mesoporous MCM-41.[48] AgMSN yielded 

considerably different data as compared to bare MSN, with both a lower BET surface area (636 

m2g-1) and pore volume (0.339 cm³g-1). There was also a shift in the BJH average pore size to 2.1 

nm with a small size distribution. The ζ-potential of AgMSN in 10 mM phosphate buffered-

saline (PBS) showed a slight increase compared to MSN, from −28.4 mV to −23.5 mV (Figure 

S1 in the Supporting Information). The broad peak around 420 nm (Figure S2) was attributed to 

the surface plasmon resonance (SPR) band of the silver nanoparticles (Ag NP) present in 

AgMSN (7.14% silver as measured by ICP-AES).[48, 49] These data are summarized in Table 

C.1. 

The presence of mesopores was expected owing to the similarities to MCM-41 type MSN, 

which uses a similar surfactant to the particles synthesized in this work. In order to prevent the 

possibility of silver bromide precipitation, the surfactant described here was used instead of the 

surfactant used to synthesize MCM-41 type MSN. The surfactant used here contains a 

perchlorate salt, which lacking any bromine, should not precipitate silver bromide during the 

synthesis of the MSN, while still retaining overall particle morphological similarities. 
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Table C.1. Structural properties of MSN materials. 

Sample Surface Area 
(m2 g-1) 

Pore Volume 
(cm3 g-1) 

Pore Size 
(nm) 

Zeta Potential 
(mV) 

MSN 984 0.805 2.6 -28.4 

AgMSN 636 0.339 2.1 -23.5 

 

The micro- and nano-scale morphology of the AgMSN particles was investigated using 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The 

AgMSN microstructure appeared as spherical particles (approximate diameter 400–700 nm) with 

Ag NP (approximate diameter 10–30 nm) homogeneously supported on the surface of 

mesoporous silica. No aggregation was observed (Figure C.3a and C.3b).  

The energy dispersive X-ray (EDX) spectroscopy of AgMSN showed 7.4 % Ag with Si 

(Figure C.3c and Table D1). This was in good agreement with the ICP results. Figure C.3d 

shows spherical MCM-41-type MSN particles with sizes consistent with AgMSN materials. 

Dynamic light scattering (DLS) results revealed a good dispersion of AgMSN in 10 mM PBS 

with an average hydrodynamic size of ∼550 nm (Figure D3), which was larger than the average 

hydrodynamic particle size of ∼325 nm for the MSN suspended in PBS. 

 

 

Figure C.3. (a) Scanning electron micrographs (b) transmission electron micrographs, (c) 
EDX analysis of AgMSN, and (d) transmission electron microscopy image of MSN.   

C
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The morphology and size distribution of the Ag NP extracted from AgMSN were also 

elucidated using TEM, shown in Figure C.4. Particle size varied from 10-30 nm with an average 

of 15–18 nm (Figure C.4b). The particle shapes were spherical and showed no faceted surfaces. 

It should also be noted that, despite the small size, the particles are individual entities and no 

significant aggregation was observed. The SAED pattern of the Ag NP (Figure D4) shows spots 

and the rings indexed to the (111) and (200) planes of silver with fcc structure. 

 

 

Figure C.4. (a) TEM image and (b) particle size distribution of unsupported Ag nanoparticles 
after removing silica matrix. 

 

C.4.2     Antibacterial Activity 

The antibacterial activity of the AgMSN nanoparticles was evaluated toward both Gram-

negative E. coli K12 and Gram-positive B. subtilis. The Mueller-Hinton agar plates with the E. 

coli K12 exhibited no growth of bacterial colonies when exposed to AgMSN while B. subtilis 

showed fewer colonies for the 109–107 CFU mL-1 concentrations of bacteria, indicating excellent 

antibacterial activity against both strains (Figure D4). As a control, the antibacterial activities of 

AgMSN were compared to that of bare MSN and a blank solution without any nanoparticles 

(solutions diluted to 105 CFU mL-1). Dense bacterial colonies were observed after 20 h of 

incubation on the B. subtilis (Figure C.5a and C.5b) and E. coli K12 (Figure C.5d and C.5e) agar 

plates that were treated with both the blank (Figure C.5a and C.5d) and MSN (Figure C.5b and 

C.5e). In contrast, the plates with the AgMSN nanoparticles exhibited no growth of bacterial 

colonies, which demonstrated that the antibacterial activity of AgMSN against both strains of 

a b
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bacteria was due to the supported Ag NP. (Figure C.5c and C.5f). 

Minimal inhibition concentration (MIC) values of AgMSN were evaluated via the growth 

inhibition of E. coli K12 and B. subtilis by varying the concentration of AgMSN and measuring 

the OD600nm after 24 h. The MIC of AgMSN that prevented proliferation of E. coli K12 and B. 

subtilis was determined to be 85 µg mL-1 and 90 µg mL-1, respectively, which were both 

comparable or lower than those previously reported for Ag-silica composites against Gram-

positive and Gram-negative bacteria.[20, 41-46, 50, 51] The cell growth reduction percentages 

were calculated to be 95% for E. coli K12 and 94% for B. subtilis after 24 h of incubation.  

 

 

Figure C.5. Digital photographs of colonies of (top) B. subtilis and (bottom) E. coli (a, d) 
control, (b, e) treated with MSN and (c, f) treated with AgMSN. 

 

The effect of AgMSN on the E. coli K12 and B. subtilis growth kinetics in liquid media was 

measured (Figure C.6) and the growth of both the bacteria was inhibited as the concentration of 

AgMSN increased, with each demonstrating a different rate. Figure C.6a and C.6b displays the 

growth curves of E. coli (1 × 106 CFU mL−1) obtained by culturing bacteria in broth with varying 

concentrations of AgMSN. The results indicated that cell growth of E. coli was effectively 

inhibited at a concentration of 85 µg mL-1 AgMSN (Ag content 6.1 µg mL-1) within a few hours 

compared to E. coli cultured in AgMSN free broth. E. coli cell growth was completely inhibited 

within 24 hours when the concentration of the AgMSN is 340 µg mL-1 (Ag content 24.3 µg mL-

1).  

a b c 

d e f 
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The growth of B. subtilis began to decrease at a concentration of 90 µg mL-1 AgMSN (Ag 

content is 6.4 µg mL-1) and by 360 µg mL-1 (Ag content is 25.0 µg mL-1) the growth was 

completely inhibited (Figure C.6c and C.6d). Gram-positive B. subtilis has a thicker 

peptidoglycan cell wall layer and thus required slightly higher AgMSN concentrations to inhibit 

the growth when compared to Gram-negative E. coli. It was also observed that no colonies 

formed on either type of bacteria for up to four days.  

 

 

Figure C.6. Concentration effects of AgMSN on the growth of (a, b) E. coli K12 and (c, d) B. 
subtilis measured by the plate count method (a, c) and by optical density (b, d). 

 

To further demonstrate the advantages of AgMSN, we compared its antibacterial properties 

with those of extracted Ag NP by measuring the bacteria viability via the plate count method. 

After 24 h incubation, the formation of colonies for both strains appeared on plates containing 

extracted Ag NP, while the presence of AgMSN completely inhibited the formation of colonies 

for both bacteria types (Figure C.7).  
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Figure C.7. Digital photographs of B. subtilis (top) and E. coli (bottom) colonies comparing 
after incubation with 1 × 106 CFU mL-1 bacteria for 24 h with extracted Ag NP (a, d) and 
AgMSN (b, e) and control (c, f).  

 

Materials with a prolonged antibacterial effect are particularly desirable to: prevent HAIs 

(microorganisms are known to survive on inanimate surfaces for extended periods of time)[52, 

53] and device-associated infections (i.e., central-catheter-associated bloodstream infection, 

catheter-associated urinary tract infection, and ventilator-associated pneumonia),[54, 55] and to 

protect implants from post-surgical infection during early, intermediate, and late stages.[56] 

Thus, to show AgMSN possessed this trait, re-culturing was investigated. Results indicated the 

antibacterial activity of AgMSN remained at a high level for both the bacteria with a >95% cell 

growth reduction for up to 25 days. This trend suggested that the as-prepared AgMSN 

maintained their high antibacterial activity for prolonged periods of time. When the 

concentration of the AgMSN was increased to 1 mg mL-1 (Ag content is 71.4 µg mL-1), a >99% 

growth reduction in both the bacteria was achieved for the same time. At an AgMSN 

concentration of 7.14 mg mL-1, a 100% growth reduction was observed over ten weeks.  

As previously mentioned, a controlled and steady release of Ag+ ions are required to achieve 

long-term antibacterial activity. In aqueous solutions, Ag NP are oxidized by dissolved oxygen, 

leading to the release Ag+, which is expressed by the following formula:[57, 58] 

4Ag + O2(aq) + 4H+ 
⇌ 4Ag+

(aq) + 2H2O(l)  

a 

d 

b c 

e f 
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To show AgMSN released Ag+ ions continuously, Ag+ ions from AgMSN were monitored over 

30 days (Figure C.8) via ICP analysis. There was a steady increase in Ag+ concentration that 

only began to level off at approximately 15 days. Given the contribution of Ag+ ions to 

antibacterial effect, these data further demonstrated the potential of AgMSN as an antibacterial 

material. 

 

 

Figure C.8. Concentrations of Ag+ released from the AgMSN into water with various incubation 
times.  

 

C.4.3     Antibacterial Mechanism of AgMSN 

To assess the permeability of cell membranes in the presence of AgMSN, samples were 

treated with propidium iodide (PI). This compound selectively binds DNA or RNA, leading to 

enhanced fluorescence. However, PI cannot cross the cell membrane and is excluded from viable 

cells.[59] As such, intracellular staining with PI allows for the identification of dead cells.[59] 

When PI stained E. coli or B. subtilis was exposed to AgMSN, an increase in fluorescence 

intensity at 620 nm was observed for both bacteria (Figure C.9) These data were indicative of 

cell membranes lysing. 

This is expected as the material contains silver nanoparticles, which are known to cause cell 

membrane lysing in bacteria owing to penetration of the silver ions into the bacteria and 

subsequent rupture of the membrane. This is the mechanism through which the antibacterial 

properties of silver are attributed.  
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Figure C.9. Permeability of bacterial cell membrane probed by propidium iodide (PI).   

 

To further verify this mechanism for antibacterial activity of AgMSN, the ultrastructural 

damage of E. coli K12 or B. subtilis before and after incubation with AgMSN was investigated 

using TEM. Untreated bacteria exhibited a smooth surface (Figure C.10a, C.10c). In contrast, the 

bacterial cell surface became visibly rough after a 12 h incubation with AgMSN. Moreover, 

numerous outer membrane vesicles (or blebs), which presented as bulges in the TEM, were seen 

with cytoplasmic release (Figure C.10b, C.10d).  

 

 

Figure C.10. TEM images of B. subtilis (top) and E. coli K12 (bottom) before (a, c) and after (b, 
d) inoculation with AgMSN for 6 h.  

F
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Such formations have been observed in bacteria treated with cationic antibiotics such as 

polymyxin and gentamicin.[60, 61] Blebs and damage to the bacterial cell membrane can also 

result from the penetration of positively charged Ag+ into the negatively charged bacterial cell 

membranes via electrostatic interactions. This, in turn, accelerates cell division, causing the 

leakage of intracellular content and subsequently cell death.[32, 62] Thus, it can be proposed that 

the AgMSN successfully releases Ag+ which kills both B. subtilis and E. coli K12. 

C.5     Conclusion 

A facile one-step method to synthesize silver incorporated MCM–41 type mesoporous silica 

(AgMSN) without AgBr precipitation has been presented. The resulting nanocomposites showed 

excellent dispersal of Ag NP (10-30 nm) on the MSN surface, and immobilization of Ag NP on 

MSN prevented aggregation and regulated the release of positive silver ions over an extended 

period of time. As a result, the AgMSN displayed long-term antibacterial activity against both 

Gram-negative E. coli K12 and Gram-positive B. subtilis. Thus, this AgMSN material can be 

envisioned to contribute to antimicrobial properties of different materials. 

C.6     Associated Content 

The Supporting information is available in Appendix D. Figures D.1-D.6: Zeta potential 

measurements and dynamic light scattering, SAED pattern of extracted Ag NP, and table for 

EDX analysis. 
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Figure D.1. Zeta-Potential Measurements of (a) MSN and (b) AgMSN in 10 mM PBS (1 mg 
mL-1)  
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Figure D.2. UV-Vis spectrum of AgMSN in water (500 µg mL-1) 
 

 

Figure D.3. Particle size distribution of (a) MSN and (b) AgMSN suspended in 10 mM PBS 
pH 7.4 measured by dynamic light scattering (100 µg mL-1) 
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Figure D.4. SAED pattern of extracted silver nanoparticles 
 

 

Figure D.5. Antibacterial activities of AgMSN with (a) 109 (b) 108 (c) 107 (d) 106 (e) 105 (f) 
104 CFU mL-1 Escherichia  coli K12 
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Figure D.6. Antibacterial activities of AgMSN with (a) 109 (b) 108 (c) 107 (d) 106 (e) 105 (f) 
104 CFU mL-1 

Bacillus subtilis 
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