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ABSTRACT 

Preparation and Evaluation of Mesoporous Silica Nanoparticles for 

Platinum-Acridine Anticancer Drug Delivery 

Ye Zheng 

Dissertation under the direction of Ulrich Bierbach, Ph.D., Professor of Chemistry 

 

Mesoporous silica nanoparticles (MSNs) have a wide range of applications in the basic 

and biomedical sciences. Because of their unique pore structures and physicochemical 

properties, MSNs have recently attracted major attention as an inert carrier material in 

oncology drug formulations. In this dissertation, MSNs were prepared and suitably 

functionalized to serve as a chemically robust and biocompatible delivery platform for 

highly cytotoxic platinum-acridine anticancer agents. The first part of the thesis 

introduces new methodology for increasing the pore size of MSNs in a controlled manner. 

It was found that, in the presence of n-decane as a swelling agent and DMF as a co-

solvent, large-pore MSNs of approximately 80–120 nm in diameter can be generated 

(transmission electron microscopy, TEM). In these materials, pores as large as 7.2 nm in 

diameter are formed, based on small-angle X-ray scattering (SAXS) and nitrogen 

physisorption measurements. These as-synthesized MSNs were further modified with 

covalently grafted carboxylate groups, which are able to coordinate with the platinum 

payload and allow its selective release in acidic microenvironments inside cancer cells. 

To improve the biocompatibility and colloidal stability of the materials, 

polyethylenglycol (PEG) polymer or a protective lipid bilayer were introduced using 
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covalent grafting and non-covalent encapsulation procedures, respectively. The lipid-

coated formulation generated from the large-pore material, MSNLP, showed (i) a high 

loading capacity for the dicationic, hydrophilic hybrid agent [PtCl(en)(N-[acridin-9-

ylaminoethyl]-N-methylpropionamidine)] dinitrate salt (P1A1, en = ethane-1,2-diamine), 

(ii) virtually complete retention of payload at neutral pH in a high-chloride buffer 

mimicking circulation, and (iii) excellent colloidal stability (dynamic light scattering, 

DLS). The final formulations were further characterized by SAXS, gas sorption 

measurements, thermogravimetric analysis (TGA), Fourier-transform infrared 

spectroscopy (FT-IR), TEM, scanning TEM (STEM), and energy-dispersive 

spectroscopy (EDS).  In acidic media mimicking the pH inside the cells’ lysosomes, rapid, 

burst-like release of P1A1 from the nanoparticles is observed (spectrophotometric assay). 

The carboxylate-modified, lipid bilayer-coated form of the nanoparticles (P1A1@MSN-

COOH-LIP) containing 60 wt.% drug caused efficient S phase cell cycle arrest (flow 

cytometry) and inhibited cell proliferation at submicromolar concentrations in pancreatic 

cancer cells (PANC1 and BxPC3) similar to unencapsulated P1A1.  The most striking 

feature of the nanoparticles after internalization into BxPC3 cells was their ability to 

prevent lysosomal escape of P1A1 in the cytoplasm and promote trafficking of the 

payload directly to the nucleus (confocal fluorescence microscopy). The results of this 

study suggest that the newly developed MSN-based formulation should be an ideal 

delivery platform for platinum-acridine anticancer agents and deserves further evaluation 

in animals. 
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CHAPTER ONE 
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1. INTRODUCTION

1.1. Nanomaterials as Drug Delivery Systems1 

The modes of systemic delivery of medicines into patients and strategies of controlling 

their action in a spatial and temporal manner are important aspects of modern drug 

development.  Target-selective activation of suitable prodrugs or timed release from 

nanoformulations maximize a drug’s efficacy while minimizing its side effects. Many 

anticancer drugs have high cytotoxicity, which will not only kill cancer tissue but also 

harm normal cells in the human body. The purpose of a drug delivery system (DDS) is to 

prolong the interaction between drugs and disease-specific targets without harming other 

healthy tissues in the body.  Inert, non-toxic organic and inorganic materials are being 

used as carriers. After equipping these nano-sized particles with stealth-like properties to 

evade recognition and scavenging by the immune system, these formulations are able to 

prevent premature release of payload while in circulation and its safe delivery to the 

tumor site.  

Two major strategies exist in targeted drug delivery: active targeting and passive 

targeting.2 Active targeting refers to drugs modified with certain ligands designed to 

interact with specific biomolecules expressed on the cell surface or in tissue.  This ligand-

receptor recognition mechanism allows drugs to selectively accumulate and react with a 

target molecule only expressed in cancer cells, thereby minimizing side effects. Actively 

targeted delivery depends on the binding affinity between drug and receptor and occurs 
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after the drug has already accumulated in tumors.3 On the other hand, passive targeting is 

achieved by the enhanced permeability and retention (EPR) effect.4 The leaky tumor 

vasculature enhances the accumulation of large proteins, macromolecular drugs, and 

certain nanoparticles into tumor tissue relative to normal tissue, which may result in 

therapeutically relevant selectivity. Various biocompatible, nanoscale particles have 

demonstrated useful EPR properties and are being pursued as drug vehicles in cancer 

chemotherapy. The major systems can be divided into seven categories as shown in 

Figure 1, including liposomes,5-10 micelles,11 polymers,12, 13 dendrimers,14-16 carbon 

nanotubes,17 metal particles,18 and inorganic nanoparticles.19, 20  Several of the more 

common delivery platforms are briefly discussed in the following sections. 

Figure 1. Examples of major drug delivery systems. 

   Liposome    Micelle Polymer Dendrimer 

Carbon nanotube Metal NP Inorganic NP 
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1.1.1. Liposomes 

Liposomes are simple, self-assembling vesicles that consist of a lipid bilayer membrane 

structure surrounding an aqueous interior compartment.5 The lipid bilayers are usually 

composed of natural phospholipids or synthetic amphiphilic molecules, which can 

accommodate both hydrophilic and hydrophobic drugs:6  Hydrophilic drugs can be easily 

stored in the aqueous core of the vesicles, while hydrophobic or neutral drugs can be 

carried within the hydrophobic lipid bilayer. Since liposomes have similar functional 

structures to biological membranes and are able to undergo membrane fusion,7 these 

vesicular structures are now being used as drug delivery carriers.8 The advantages of 

using liposomes include favorable safety, long circulation times, and ease of surface 

(stealth) modification.21 An example of a successful liposome platform in clinical 

applications for treating breast cancer and multiple myeloma (MM) is DOXIL, a 

doxorubicin (DOX)·HCl liposomal injection,22 which was approved by the US Food and 

Drug Administration (FDA) in 1995. Presently, more than 10 liposomal drug 

formulations have been approved for clinical use,9 such as Lipusu for paclitaxel (Taxol) 

and Onivyde for irinotecan. Liposomal cisplatin formulations are also being studied 

intensively, such as SPI-77,23 LiPlaCis,24 etc.  One of the promising formulations is 

Lipoplatin, which shows quicker response times and reduced toxicities compared to 

unencapsulated cisplatin and has entered Phase III clinical studies.25 

1.1.2. Micelles 

Unlike liposomes, which feature bilayer membranes, micelles are composed of 

monolayer structures. These monolayer structures are formed by surfactant molecules 
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with hydrophilic heads and hydrophobic tails. When dispersed into an aqueous 

environment, the surfactant molecules self-assemble into core-shell structures with 

hydrophobic tails forming the core and hydrophilic heads forming the shell. Hydrophobic 

drugs can be loaded into the cores, while the hydrophilic shell protects the cargo in the 

core and makes the system soluble in water. 

1.1.3. Polymers 

Polymer-based nanoparticles are mainly composed of biodegradable polymers. The drug 

molecules can be encapsulated in or conjugated to random-coil polymer structures. The 

polymers contain a water soluble backbone and targeting moieties, which increase the 

solubility of the particle and enhance its binding with, and uptake into cells, 

respectively.12 To achieve controlled delivery, the molecular weight of the polymer can 

be adjusted to tune the accumulation of drug as well as its release rate.13 Different kinds 

of polymers are being used in these systems, which include natural polymers, such as 

chitosan26 and gelatin,27 as well as synthetic polymers, such as poly(lactic-co-glycolic 

acid) (PLGA),28 poly(lactic acid) (PLA),29 and polycaprolactone (PCL).30 

1.1.4. Dendrimers 

Different from classical polymers, which lack a well-defined structure, dendrimers are 

highly branched, tree-like or star-shaped macromolecules.  Dendrimers contain an 

initiator core surrounded by repeating units of branch monomers with terminal functional 

groups in the outer sphere. There are three methods for using dendrimers in drug 
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delivery:14 (i) the drug can be covalently attached to the periphery of the dendrimer to 

form dendrimer-drug conjugates, (ii) the drug is coordinated to the outer functional 

groups via ionic interactions, and (iii) the dendrimer acts as a unimolecular micelle by 

encapsulating a payload by forming a dendrimer-drug supramolecular assembly. 

Dendrimer systems can achieve shape-selective release15 and co-delivery of multiple 

drugs,16 which are very attractive properties in the drug delivery field. Polyamidoamine 

(PAMAM) is one of the most frequently used dendrimers in drug delivery systems.31 

1.1.5. Carbon nanotubes 

Since their discovery in 1991,32 carbon nanotubes (CNT) have attracted major attention 

because of their unique physical, chemical and biological properties. Carbon nanotubes 

are composed of carbon sheets of honeycomb sp2 carbon networks rolled up seamlessly 

into a hollow, tubular structure.33 Based on the number of rolled layers of graphene, 

carbon nanotubes can be divided into two classes: (i) single-walled carbon nanotubes 

(SWCNTs) and (ii) multi-walled carbon nanotubes (MWCNTs). In drug delivery, 

SWNTs are studied more intensively than MWCNTs, due to the one-dimensional 

structure of the SWNT and higher surface area for efficient drug-loading.17 Besides their 

stable structure, SWCNTs show good cell uptake properties and pharmacological 

properties. MWCNTs, on the other hand, have larger inner diameters than SWCNTs, and 

also are being used for drug delivery.34 
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1.1.6. Metal nanoparticles 

The ability to respond to external stimuli is one of the most desired features of metal-

based nanoparticle drug delivery systems. Under certain conditions, such as exposure to a 

specific electromagnetic radiation or magnetic fields, the drug can be induced and 

released in a controlled manner, which can be exploited for targeted delivery. Major 

research has focused on gold and magnetic iron oxide nanoparticles for biomedical 

applications.35, 36 Gold nanoparticles are inert, biocompatible, and nontoxic to the human 

body.37 They can be easily prepared with different sizes and shapes, which can be an 

effective way to enhance tissue accumulation by exploiting the EPR effect. Gold 

nanoparticles can also adsorb light in the near infrared (NIR) region, which makes them 

useful sensitizing agents able to kill tissue with heat.38 Ferromagnetic iron oxide 

nanoparticles are also attractive because they can be guided to the target site using an 

external magnetic field.39  

1.1.7. Inorganic nanoparticles40 

Besides organic and metallic nanoparticles, inorganic nanoparticles have attracted 

considerable attention as chemically inert and biocompatible drug carriers. The synthetic 

methods to generate many of these materials are simple and the building block relatively 

inexpensive. In addition, the morphology, size, and porosity of the nanoparticles can be 

controlled and tuned with relative ease. Metal-inorganic hybrid or organic-inorganic 

hybrid nanoparticles can be functionalized to generate materials with distinct drug 

delivery characteristics, which allows drug delivery and activation in a light-, pH-, or 
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temperature-dependent manner. Current research primarily focuses on silica-based (used 

in this study, see 1.2.) and calcium phosphate-based nanoparticles.40  

1.2. Mesoporous Silica Nanoparticles (MSNs) 

According to the International Union of Pure and Applied Chemistry (IUPAC), porous 

solids can be classified into macroporous (with pore widths larger than 50 nm), 

microporous (with pore widths below 2 nm) and mesoporous (with pore widths between 

2 nm and 50 nm) materials.41 In 1992, Kresge et al. reported the preparation of ordered 

mesoporous molecular sieves, MCM-41 (Mobil Composition of Matter-41), by liquid 

crystal template synthesis.42 The authors used quaternary ammonium ions as templates 

for the hydrothermal synthesis of aluminosilicate gels. After calcination (oxidative 

decomposition and removal of organic components at T > 540 °C),43 a material was 

obtained containing highly ordered areas of uniformly-sized pores. The pore diameter of 

these channels measures between 1.8 nm and 3.7 nm, which can be adjusted by using 

surfactants with varying alkyl chain length. Additives referred to as “swelling agents,” 

such as 1,3,5-trimethylbenzene (TMB), can be used to further enlarge the pore diameter 

to 12 nm or larger.44 Several alternative methods have been proposed since then for the 

assembly of mesoporous materials. These include liquid crystal templating (LCT),44 

silicate rod assembly,45 charge density matching,46 layer puckering,47 folded sheet,48 

electrostatic interactions,49 cooperative assembly,50 and other synthetic strategies.51 In 

recent years, the field of mesoporous materials has grown rapidly and mesoporous 

structures of silica and related materials have been introduced in different systems, such 
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as M41S,52 FSM,53 SBA,54, 55 and MSU.56,57 Silica mesoporous materials system are 

mainly composed of silica or silica-alumina salts By using different surfactants as 

structure directing agents and adjusting the system’s temperature, concentrations, pH, and 

additives, unique mesoporous materials could be obtained.  Other non-silica materials are 

mainly derived from metal oxides, metal sulfides, phosphate, and carbon.58 

1.2.1. Development of ordered mesoporous materials 

Research on mesoporous silica can be traced back more than four decades.59 For example, 

Chiola et al. reported and patented “low bulk density” silica in 1971,60 but this work 

remained unnoticed for many years since it did not provide any structural characterization 

of the material or evidence for its mesoporous properties. In 1990, Yanagisawa et al. also 

successfully synthesized mesoporous silica (referred to as the KSW system) with pore 

sizes in the range 2–4 nm.61 It was not until 1992, when Kresge et al. from Mobil Oil 

Company reported their findings on “ordered molecular sieves” in Nature, that 

mesoporous nanomaterials began to attract the attention of material chemists.42 The group 

used silanol precursors, alkyl quaternary ammonium salts as template, and hydrothermal 

conditions to synthesize mesoporous silicates and aluminosilicates. The materials showed 

long-range ordered structures with large surface areas (> 700 m2/g) and variable pore 

sizes (from 1.5 nm to 10 nm). These materials were collectively referred to as M41S, 

which includes hexagonal MCM-41, cubic MCM-48, and lamellar MCM-50. In 1994, 

Huo et al. synthesized 3-D cubic mesostructured silica by using bifunctional “Gemini” 

surfactants as templates.54 By varying the length of the spacer and hydrophobic chains, a 

wide range of products with unique structures were generated. In 1998, Zhao et al. 
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reported the use of non-ionic triblock copolymer P123 to obtain a hexagonal mesoporous 

sieve, SBA-15.55 This material contains pores with diameters as large as 30 nm, and it has 

a thicker pore wall of 3.1–6.4 nm.  

Since the discovery of MCM- and SBA-type materials, major research efforts have 

focused on new methodologies for controlling the morphology of MSNs. For example, 

Che et al. applied chiral amino acid surfactants as structure directing agents, aminosilanes 

or quaternary aminosilanes as co-structure-directing agents (CSDA), as well as 

tetraethoxysilane (TEOS) as inorganic precursor to form chiral mesoporous silica 

(CMS).62 Due to their high surface areas, large pore volumes, adjustable pore sizes, 

ordered channel structure, and the presence of reactive surface silanol (Si–OH) groups 

allowing chemical post-modification, mesoporous silica materials have been tested for a 

wide range of applications in catalysis,63 size exclusion chromatography,64 adsorption,65 

filtration,66 ion exchange chromatography,67 energy storage,68 biosensing,69 enzyme 

immobilization,70 and drug delivery.71  

1.2.2. Applications of mesoporous materials in biomedicine 

In biomedical applications, inorganic mesoporous materials have demonstrated high 

chemical and thermal stability, low toxicity, and excellent biocompatibility often superior 

to conventional organic nanoparticles. Vallet-Regí et al. loaded ibuprofen, an anti-

inflammatory drug, into MCM-41 materials of varying pore sizes.71 Using different 

cationic surfactants as templates, such as C12TAB and C16TAB (C12TAB = 

dodecyltrimethylammonium bromide, C16TAB = hexadecyltrimethylammonium 



11 

bromide), the authors obtained MCM-41-type mesoporous materials with pore sizes of 

1.8 nm and 2.5 nm, respectively, which have both shown a high drug payload of 30% (by 

weight). Since then, mesoporous materials have been used for various applications in 

drug delivery. Some of the newer materials include MSU,72 MCM-48,73 SBA-15,74 FSM-

16,75 and TUD-1,76 among many others.77 The drug loading properties depend on the 

morphological characteristics of the materials, such as mesostructure, pore size, and 

surface area.78 An important prerequisite for drug loading is that the pores of the host 

materials are wide enough to accommodate the drug molecule (guest).79 This requires 

knowledge of the dimensions and stereochemistry of the drug molecule. On the other 

hand, a larger pore diameter often causes faster release of drug payload compared to 

narrower pores due to faster diffusion rates.73 The drug loading efficiency also depends 

on the surface area. A larger surface area increases drug-mesopore interactions resulting 

in higher adsorption capacities of the carrier material. Depending on the accessibility of 

pores in the interior of the particle, mesoporous materials derived from different systems 

differ in their drug loading and release properties.76 It is believed that highly ordered, 

parallel aligned channels facilitate the diffusion of absorbed molecules out of the material, 

while disordered structures allow slower, multi-stage drug release.78 

Modification of the material surface with organic groups can be an effective way of 

increasing drug-material interactions. The added functional groups are able to link to 

drug molecules through non-covalent interactions or covalent bonding. When drug 

delivery materials are obtained, it is necessary to distinguish between internal and 

external surface.80 The internal surface refers to the surface at which surface-drug 

interactions occur, while the external surface refers to the surface that directly interacts 
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with components in biological media such as serum (water, ions, nucleophiles, proteins). 

Since there are various requirements for the drug payload and rate of release at the target 

site, it may be necessary to functionalize these two surface areas using specific methods. 

Two commonly used methods for modifying inorganic materials with organic functional 

groups, in particular the walls of interior pores, are grafting and co-condensation.81 

Grafting, or post-synthetic functionalization, refers to modifications made after the 

mesoporous backbone structure has been generated.  In this case, tri(m)ethoxysilanes 

modified with organic functional groups (R), Si(OMe/Et)3R, react with abundant free Si–

OH groups on the surface of the material, which changes the surface properties and 

enables, or enhances, drug-surface binding. It is also possible to selectively graft 

molecules into the pore openings of mesoporous silica, where these (bulky) groups may 

serve as gatekeepers.82 Using co-condensation,83 or direct synthesis, functional groups 

can be incorporated by doping the basic precursor (such as TEOS) with suitably 

functionalized silanols to form the desired matrix. Using this method, the organic groups 

can be anchored covalently to the pore walls to generate a highly homogeneous 

distribution of residues. To modify the external surface of materials, coating with 

hydrophilic polymers is commonly used to improve the solubility or colloidal 

dispersibility, and bioavailability of the material.84 

Most drug delivery materials allow diffusion-based release.85 The release mechanism is 

dominated by diffusion of the drug throughout the matrix structure, and the release rate 

depends on the properties of both the payload and the matrix material. Since many potent 

cytotoxic drugs show severe side effects when administered systemically, materials that 

allow controlled release are of high interest. The ideal material would target, or passively 
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accumulate in, malignant tissue, and selectively release the drug at the disease site. This 

reasoning has led to the development of stimuli-responsive release systems.86  

Since mesoporous materials often have regular shaped pore openings, it is possible to 

entrap a payload by closing these holes with nanoscale caps or plugs.  Pore-blocking 

plugs and caps can be organic molecules, polymers, inorganic nanoparticles, 

biomolecules, etc., which can be removed in response to stimuli such as pH, temperature, 

electromagnetic irradiation, and magnetic fields. For instance, Mal et al. reported the use 

of visible light to control the reversible release of drug from a MCM-41-type material.82 

Lai et al. reported the use of cadmium sulfide (CdS) caps to entrap drug in the 

mesoporous channel of MSNs,19 which can be removed using redox chemistry. Thus, 

using porous stimuli-responsive delivery systems, drugs otherwise too toxic for direct 

injection into the bloodstream can be developed into more effective and tolerable 

therapies. 

1.2.3. Anti-cancer drug delivery using mesoporous silica systems  

Cisplatin and doxorubicin (DOX) have been used extensively as models in mechanistic 

and clinical studies in the field of anticancer drug development and have found wide 

application as payloads in drug delivery systems.  The chart in Figure 2 demonstrates the 

roaring impact both anticancer drugs had on the development of MSN-based delivery 

materials over the past decade.  It also shows that the number of MSN delivery systems 

reported for cisplatin, which is by far the most important anticancer drug, is significantly 

lower than those reporting doxorubicin as a prototypical payload. One possible reason for 
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this discrepancy is that, unlike cisplatin, DOX has useful visible absorbance and 

fluorescence properties, which facilitate mechanistic studies of the corresponding 

formulations in cells and cell-free systems.     

Figure 2. Number of publications on MSNs in anticancer drug delivery per year (Web of 

Science, October 2016). Keywords: mesoporous silica + cisplatin (or doxorubicin) + drug 

delivery. 

Simple MSN-based delivery systems. Tao et al. studied cisplatin and transplatin as cargo 

in MCM-41 and SBA-15 materials, which show enhanced anticancer properties 
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compared to the carrier-free compounds in malignant Jurkat cells.87 Even the otherwise 

too reactive and inactive trans isomer shows the same cell kill as cisplatin, suggesting 

that mesoporous silica microparticles serve a protective function to facilitate cellular 

uptake and delivery of payload to the cell’s nucleus.88 Fang et al. synthesized uniformly 

sized (200 nm) mesoporous nanospheres with dual-ordered mesopores of 3.1 and 5.8 

nm.89 After loading both hydrophilic cisplatin and hydrophobic paclitaxel onto the core-

shell nanoparticles, the drugs show higher killing efficacy in ovarian SKOV3 and A2780 

(CP70) cancer cells. Vathyam et al. used 1,2-bis(triethoxysilyl)ethane as silica source and 

assembled a periodic mesoporous organosilica (PMO) material.90 The authors used 

incubation temperatures higher than 50 oC during loading, which led to more efficient 

adsorption of the drug.  This effect can be explained with enhanced aquation of cisplatin 

at higher temperatures and formation of the cationic complex cis-[Pt(H2O)2(NH3)2]2+, 

which associates electrostatically with the negatively charged silica materials.  Most as-

synthesized MSN materials suffer from poor colloidal stability.  Wan et al. addressed this 

problem by non-covalent coating MSNs with multilayers of disintegrable 

polyelectrolyte.91 The authors were also able to incorporate cisplatin into the multilayer 

during the layer-by-layer deposition process. 

Functionalized MSNs. Instead of using unmodified materials, chemically modified 

silica-based nanoparticles have been generated for various purposes by functionalizing 

the inner pores or the media-exposed surface, or a combination of the two strategies.  Lin 

et al. used outer-surface PEGylation through a grafting procedure to enhance the stability 

and redispersibility of DOX-loaded MSNs.92 In another application, Pasqua et al. used 

carbodiimide coupling chemistry in suitably functionalized mesoporous silica to install 
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folic acid as a targeting moiety. The particles showed slow release of cisplatin within 6 

hours.93 Morelli et al. provided an example of actively targeted MSNs which 

demonstrated that folic acid-labeled MSNs accumulate selectively in folate receptor (FR) 

expressing cells.94 When cisplatin was loaded onto these particles, strong growth arrest 

was observed in FR-positive HeLa cells, but not in FR-negative cells. Gu et al. grafted 

carboxyl groups onto the pore surface of mesoporous nanocarriers and introduced 

cisplatin as payload, which resulted in greater cytotoxicity against MCF-7 and HeLa 

cancer cells than cisplatin alone.95, 96 The system also exhibited pH-triggered release of 

drug under acidic conditions. 

Palanikumar et al. applied PEG-PDS copolymer onto cisplatin-loaded MSNs to act as a 

gatekeeper.97 The drug release rate can be adjusted by tuning the shell crosslinking 

density. Lipid encapsulation techniques are also being applied on mesoporous silica 

nanoparticles for drug delivery.98 Liu et al. introduced a positively charged lipid bilayer 

to enhance drug delivery and to avoid premature release of DOX.99 

Covalent conjugates for drug release in response to intracellular stimuli. In addition to 

electrostatic adsorption and coordinative binding, covalent linkage of anticancer drugs 

has also been reported.  For instance, Lin et al. attached hydroxo-substituted cisplatin to a 

large-pore MSN through a pH-sensitive hydrazone bond, which is selectively cleaved 

intracellularly in the acidic environment of the lysosomes.100 Meng et al. designed pH-

sensitive β-cyclodextrin (β-CD) nanovalve-functionalized MSNs, which release DOX 

under endosomal acidic conditions.101  Ahn et al. linked cisplatin prodrug with surface 

amine-functionalized MCM-41 through NHS/EDC coupling.102 The obtained prodrug-

conjugated nanoparticles showed 63 times lower half-maximal inhibitory concentration 

javascript:popupOBO('CHEBI:32952','C3TB20319K','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32952')
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(IC50) values than cisplatin in HeLa cells. MSNs have also been targeted to molecular 

abnormalities that exist outside cancer cells in the extracellular matrix of cancer tissues: 

van Rijt et al. developed avidin-capped MSNs functionalized with linkers that are 

specifically cleaved by the protease matrix metalloproteinase-9 (MMP-9), thereby 

allowing for controlled release of cisplatin from the MSNs in MMP-9-expressing A549 

and H1299 derived lung tumor tissues.103 

Multifunctional MSNs. Anticancer drug regimens often consist of multiple cytotoxic 

agents. Taratula et al. synthesized pyridyldithiol-terminated MSNs that were used to 

achieve co-delivery of anti-cancer drugs and siRNA.104 This system is able to deliver 

multiple anticancer drugs (DOX and cisplatin) into lung cancer cells in combination with 

siRNA for simultaneous induction of DNA damage and suppression of efflux pump 

mediated forms of drug resistance. Likewise, dual delivery was also achieved to 

overcome multiple drug resistance (MDR). Meng et al. used a similar co-delivery 

strategy based on siRNA (to silence the expression of drug efflux transporter) in 

combination with DOX to treat drug-resistant KB-V1 cells.105 The same authors also 

developed a lipid-film-coating procedure to achieve codelivery of gemcitabine and 

paclitaxel.106 Ashley et al. demonstrated that it is possible to design porous nanoparticle-

supported lipid bilayers that can be loaded with therapeutic drug cocktails to kill drug-

resistant human hepatocellular (liver) carcinoma cells.107  

Drug release by external stimuli. MSN-based formulations have also shown potential 

applications as delivery vehicles that can be triggered with external radiation in image-

guided (photodynamic) therapy.  Souza et al. embedded magnetite nanoparticles into 

mesoporous silica and obtained a Fe3O4@SBA-15 nanocomposite.108 This material shows 
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rapid release of cisplatin in a low-frequency, alternating magnetic field. Mohapatra et al. 

incorporated superparamagnetic CoFe2O4 into carboxylic acid functionalized hollow 

mesoporous silica nanospheres.109 After loading with cisplatin and modification with 

folic acid and rhodamine B isothiocyanate (RITC) fluorescent dye, these multifunctional 

nanoparticles can be used for site-specific delivery of platinum drug.  Luo et al. designed 

a multifunctional delivery system for Pt(IV) prodrugs based on mesoporous silica-coated 

gold nanorods.110 Pt(IV) complex is reduced intracellularly and released as the active 

Pt(II) form (cisplatin), and the gold nanoparticle serves as a near-infrared (NIR) sensitizer 

for photothermal therapy. DOX was also loaded into fluorescently labeled 

Fe3O4@mesoporous silica nanoparticles, which can be used as theranostic magnetic 

resonance imaging (MRI) agents for drug delivery.111, 112 Chen et al. labeled TRC105 

antibody-conjugated MSNs with 64Cu for in vivo positron emission tomography (PET) 

imaging,113 which demonstrated enhanced tumor targeted delivery of DOX in 4T1 tumor-

bearing mice upon intravenous injection.  

Several of the recent advances in MSN-based anticancer drug delivery and relevant 

references are summarized in Table I. 



Table I. Recent Progress in Mesoporous Silica Nanoparticles as Drug Delivery Systems 

Material Drug Functionalization Cell Study Stage Reference 

MCM-41 Cisplatin prodrug,

Chlorin e6 

β-CD-grafted PEI linker, 

PEGylation 

A549R in vitro   114 

MCM-41 Doxorubicin PEGylation, chitosan polycation, 

pH-sensitive benzoic imine linker 

HeLa in vitro 115 

HMS Doxorubicin upconverting fluorides HELF in vitro 116 

HMS Doxorubicin luminogen tetraphenylethene HeLa in vitro 117 

MCM-41 Doxorubicin fluorescent carbon quantum dots  NIH-3T3, HeLa in vitro 118 

MCM-41 FOLFIRINOX lipid encapsulation PANC1 in vivo 119 

MCM-41 Gemcitabine gold nanorod core, chitosan cap, 

V7 pHLIP peptide 

S2VP10, 

MIA PaCa-2 

in vivo 120 

MCM-41 Paclitaxel none MIA PaCa-2 in vivo 121 

KIT-6 5-Flurouracil APTES post grafting none none 122 

19 
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1.3. Classical Platinum Drugs and Platinum-Acridine Agents 

Platinum(II) complexes are one of the most widely used class of chemotherapy drugs for 

treating solid tumors. The antiproliferative effects of platinum compounds were 

serendipitously discovered in 1965. Barnett Rosenberg and coworkers at Michigan State 

University performed electrochemical experiments designed to study the effect of a 

magnetic field on the growth of E. coli (Escherichia coli) bacteria.123  They found that the 

(unintended) corrosion of their platinum electrodes in the presence of ammonium and 

chloride ions in the growth media inhibited E. coli cell division. One compound formed 

in the process in particular, cis-diamminedichlor(id)oplatinum(II) (cis-[PtCl2(NH3)2], 

cisplatin or CDDP, Figure 3), was highly effective at inhibiting bacterial growth. Later, 

the same authors demonstrated that cisplatin kills cancer cells and slows tumor growth in 

mice and reasoned that the compound could also be used for treating cancer in humans.124, 

125 After extensive clinical trials, cisplatin was approved for use in testicular and ovarian 

cancers by the FDA in 1978.126 Cisplatin is typically administered by intravenous route as 

an aqueous saline solution. In the blood stream, the cisplatin structure remains intact due 

to the relatively high chloride ion concentration (≈ 130 mM) in the blood stream, which 

suppresses aquation. After passively crossing the cell membrane into the cytoplasm of 

cancer cells, it encounters a much lower chloride ion concentration (≈ 3 mM) at which 

aquation is favored: one of the chlor(id)o ligands will be replaced by water to produce 

cationic cis-[PtCl(H2O)(NH3)2]+. This complex will allow platinum to rapidly bind with 

guanine (G)-N7 in DNA, giving the monofunctional adduct [PtCl(guanine-

DNA)(NH3)2]+. Then a cross-link is formed when another chlor(id)o ligand is displaced 

by another guanine base, [Pt(guanine-DNA)2(NH3)2]2+. Cisplatin crosslinking in DNA 



21 

interferes with DNA replication and transcription and activates apoptosis (programmed 

cell death) in cancer cells. The change of its chemical form from a neutral molecule to a 

cation increases cisplatin’s affinity for negatively charged DNA in the cell’s nucleus 

which maximizes its damage to the genome, which ultimately is responsible for the 

antitumor activity of all platinum-containing drugs.127 Although cisplatin is regarded as 

one of the most successful chemotherapeutic agents, many cancers do not respond to this 

form of chemotherapy because of various forms of resistance, and its application is 

always associated with severe side effects and unfavorable toxicity because of its lack of 

selectivity for cancer cells.128 Thus, new types of classical platinum drugs mimicking 

cisplatin and nonclassical platinum drugs with new structures and mechanisms of action 

have been designed to address these shortcomings. 
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Figure 3. Structures of cisplatin and platinum-(benz)acridine hybrid anticancer agents. 

To generate platinum complexes with improved pharmacological properties, several 

types of agents have been developed.  The design behind platinum-acridines is that these 

Cisplatin                        
For P1A1: L---L = ethane-1,2-diamine 

R1 = Et, R2 = Me, X = NH, A = NO3           
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agents should show unique biological properties because their DNA binding properties 

differ in many ways from those of cisplatin (Figure 3). The mechanism of platinum-

acridines combines monofunctional platination of nucleobases with classical 

intercalation.129 In formulations designed in this study, [PtCl(en)(N-[acridin-9-

ylaminoethyl]-N-methylpropionamidine)] dinitrate salt (P1A1, en = ethane-1,2-diamine, 

Figure 3), the first derivative that showed activity in vivo, was chosen as payload in the 

new MSN-based material. 

The platinum center in P1A1 contains only one labile chloride leaving group, which 

means it will not induce cross-links but form monofunctional adducts. The strong bond 

between the metal and the amidine nitrogen (residue X, Figure 3) of the acridine attached 

to platinum prevents loss of the intercalator, which would lead to DNA cross-link 

formation.  The acridine moiety is well positioned to intercalate between DNA base pairs 

and enhances DNA binding. The two positive charges produce a strong electrostatic 

attraction between the drug and the negatively charged DNA phosphate backbone. The 

advantages of platinum-acridine over cisplatin are rapid cellular accumulation and 

intercalative targeting of DNA, which renders this agent more effective in several 

aggressive forms of cancer, such as non-small cell lung cancer (NSCLC).129 

How are platinum-acridine hybrid agents generated?  In our lab, we have developed a 

new methodology based on efficient platinum-mediated click chemistry to screen 

modular libraries of platinum-acridines.130 The procedure for generating amidine-linked 

(X = NH) platinum-acridines is shown for derivative P1A1 in Figure 4: the platinum 

complex P1 is solubilized by anion exchange using silver nitrate in dimethylformamide 

(DMF) solution. Acridine precursor A1 is then added to the solution and reacted for 1 day 
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at −10 oC. Nucleophilic addition of the dangling secondary amine in A1 across the nitrile 

triple bond occurs generally with high yields. The products can be precipitated with 

diethyl ether and recrystallized from methanol or ethanol. 
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Figure 4. Synthesis of platinum-acridine P1A1. 

 

1.4. General Requirements for the Delivery Materials and Drug Compatibility 

An inorganic material enjoying increasing popularity for drug delivery applications is 

amorphous silica. Amorphous silica is “generally recognized as safe” (GRAS) by the 

FDA.131 These particles are nontoxic and are normally used as food additives and 

components of vitamin supplements.132 Nanosized Cornell dots (C dots), which are core 

shell silica nanoparticles used for cancer diagnosis, were approved by the FDA for human 

trials in 2011.133-135 Silica particles are also stable in the blood and considered 

biocompatible.  

Particle size is one of the important parameters of a drug delivery system. There are some 

restrictions as to what particle size is most appropriate for passive targeting of cancer 

tissue. Small nanoparticles of less than 10 nm in diameter can readily penetrate tissue and 
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tend to distribute nonspecifically in the body, while larger micrometer-sized particles are 

more likely to be trapped in the lungs and liver or cleared by cells of the                                                

mononuclear phagocyte system (MPS, a part of the immune system). Many studies 

suggest that the optimal nanoparticle size should be between 50 and 250 nm.132, 136 

Designing drug delivery systems also requires a good understanding of the physical and 

chemical properties of the payload. Platinum-acridines are cationic, hydrophilic 

molecules that easily dissolve in aqueous solution and biological buffers. Based on its 

single crystal structure, the size of the prototypical platinum-acridine (P1A1, see Figure 3) 

could be estimated to be approximately 1.6 × 1 nm.137 Thus, the pore size of materials 

designed to incorporate these agents should be larger than the shorter dimension after 

functionalization. The proposed binding mode is not simple physical adsorption into the 

nanoparticles, but will involve coordination of the payload to functional groups grafted to 

the inner (pore) surface of the material.  Thus, the dimensions of an additional layer of 

organic modification has to be taken into consideration when laying out the pore 

dimensions prior to such modifications.  

 

1.5. Goals and Outline of the Doctoral Research 

The overarching goal of the research in this dissertation was to help accelerate the 

preclinical development of cytotoxic platinum-acridines into clinically viable anticancer 

drug candidates by improving their drug-like properties and tolerability. The specific 

aims were to design, prepare, and fully characterize a nanoplatform for delivery and 

triggered release of platinum-acridines in cancer tissue and to validate the design in a 
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solid tumor model in vitro (cell cultures). Specifically, to achieve this, a material was 

desired that could be tailored to the structural requirements of platinum-acridines and is 

compatible with systemic delivery into a living organism. To reduce the systemic toxicity 

and improve the efficacy of these agents, a passive delivery strategy, which takes 

advantage of long circulation times and the EPR effect, was desired. The ideal 

formulation would be sufficiently robust to transport drug cargo to the targeted tumor 

sites without premature leakage in the blood stream and then undergo pH-triggered 

release after endocytosis and lysosomal accumulation in cancer cells. The overall strategy 

is shown in Figure 5.  

To achieve the above-stated goals, a multifunctional MSN-based platform was selected. 

To accommodate platinum-acridines as a host molecule, the pore size of these particles 

had to be enlarged to achieve high payloads of drug (Chapter 2). Furthermore, the inner 

surface was modified with carboxylic acid groups to increase drug-material interactions 

and allow release in a pH gradient.  To achieve improved monodispersibility and prevent 

sequestration of the nanoparticles into the macrophages of the immune system (stealth 

behavior) the outer surface was initially PEGylated (Chapters 3 and 4). Liposomal 

encapsulation was also used to further improve stability in serum during circulation 

(Chapter 5).  Pancreatic cancer cell models were used to verify endocytosis and pH-

triggered release of platinum-acridine and to demonstrate that the formulation maintained 

high activity similar to the unencapsulated drug (Chapter 6).  
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Figure 5. Drug delivery system based on mesoporous silica nanoparticles. The proposed 

design involves (i) drug loading, (ii) intravenous injection of the formulation into the 

blood stream, (iii) uptake into tumor tissue (EPR) facilitated by the leaky tumor 

vasculature, (iv) endocytosis and accumulation of nanoparticles in acidic 

endosomes/lysosomes, and (v) release of payload into the cell’s nucleus.     

(i) 

(ii) 

(iii) 

(iv) 

(v) 
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CHAPTER TWO 
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2. SYNTHESIS AND CHARACTERIZATION OF LARGE-

PORE MESOPOROUS SILICA NANOPARTICLES 

 

2.1. Background  

There are several ways to control the pore size of mesoporous silica materials. The most 

commonly used method is to adjust the length of surfactant template. For example, the 

conventional template for making MCM-41 is cationic alkyltrimethylammonium salt 

CnH2n+1N(CH3)3
+X− (X = Cl or Br). By varying the number of carbons (n) from 8 to 22, 

pore sizes ranging from 1.5 nm to 4.8 nm can be achieved.44, 138 Another method is 

hydrothermal synthesis. Cheng et al. treated gel mixtures at varying temperatures and 

reaction times to obtain pore sizes between 2.6 nm to 3.6 nm.139 The third method is 

addition of a swelling agent. 1,3,5-trimethylbenzene and linear paraffins (n-alkanes) are 

commonly used for this purpose. For example, Ulagappan et al. used extended linear 

alkanes to increase the pore size to a maximum interplanar distance d100 spacing of 7.3 

nm (with n-pentadecane), but found that using longer-chain alkanes did not increase the 

d100 spacing.140 Kao et al. used alkanes/EtOH as swelling agent/co-solvent to tune the 

pore dimensions, which they were able to increase from 2.5 nm to 6.0 nm.141 Since a 

larger pore size than that found in classical MCM-41 has advantages for loading larger 

molecules, research continues to focus on developing robust, reproducible methods for 

generating mesoporous silica backbones with predictable large-pore morphologies.  
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In this chapter, mesoporous silica nanoparticles derived from MCM-41 are synthesized 

using conventional cetyltrimethylammonium bromide  template (n = 16, X = Br; CTAB).  

The obtained mesoporous silica particles have a uniform particle size around 100 nm. A 

new combination of swelling agent and co-solvent as well as unique reaction conditions 

were used to produce an optimized large-pore material for further modification and drug 

loading experiments. 

 

2.2. Results and Discussion 

2.2.1. Design and synthetic methodology 

In order to obtain monodispersed nanoparticles, the Stöber process is generally applied 

for synthesizing mesoporous particles.142 Sodium hydroxide is used as basic catalyst to 

allow rapid nucleation and particle growth while preventing formation of chain structures. 

The pH of the solution is maintained between 7 and 10.5, which is far above the 

isoelectric point of silica (pH 2.2). In this pH range, the rates of dissolution and 

deposition of silica are sufficiently high to produce nano-sized particles. The silica 

particles are negatively charged and repel each other, allowing them to grow without 

aggregation.143 Briefly, n-decane is added into a basic aqueous solution to form an oil-in-

water (O/W) emulsion. The dispersed n-decane phase becomes miscible in a continuous 

water phase when dimethylformamide (DMF) is added as a co-solvent.  DMF acts as an 

emulsifier that, together with n-decane, supports the formation of micelles when the 

surfactant CTAB is added. The hydrophobic tail of CTAB surfactant molecules support 

the formation of large micellar liquid templates. The silica precursor (TEOS) will then be 
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added to initiate sol-gel reactions around these arrays to form the inorganic silica 

backbone. The synthetic scheme is shown in Figure 6. 

Using the above procedure and by adjusting the total amounts and ratios (v:v) of swelling 

agent and co-solvent, nanoparticles of varying pore size were generated: MSNSP 

(equivalent to MCM-41), MSNIP, and MSNLP, where ‘SP’, ‘IP’, and ‘LP’ stand for small-

pore, intermediate pore size, and large-pore, respectively.  The particles obtained in this 

manner (CTAB@MSN) can be collected by centrifugation, dried, and either treated to 

remove detergent template (Chapters 5 and 6) or used directly in functionalization 

reactions requiring blocking of the pores (PEG grafting, Chapters 3 and 4).  

 

 

Figure 6. Synthesis of mesoporous silica nanoparticles. 
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The desired MSNs can be obtained from CTAB@MSN by removing the template from 

the as-synthesized pristine materials. This can be achieved by two methods: calcination 

or solvent extraction. Calcination is an easy and convenient method to remove surfactant 

templates. In this process, the template is decomposed in an atmosphere of air or oxygen 

at high temperature. The calcination temperature determines the morphology and surface 

of the materials. Unfortunately, high sintering temperatures decrease the pore volume and 

reduce the number of Si–OH groups on the material surface, which will limit its 

modification with functional groups for drug delivery applications. Thus, the solvent 

extraction method was used instead. Solvent extraction using acidic ethanol or methanol 

effectively removes surfactant without compromising the porous mesostructure of the 

material while retaining its reactive Si–OH groups.144  

Virtually complete removal of CTAB in all of our materials was achieved by refluxing 

suspensions of CTAB@MSN in acidic ethanol, as confirmed by FTIR spectroscopy and 

thermogravimetric analysis (TGA) of the samples. Representative IR data obtained for 

MSNSP before and after template removal are shown in Figure 7. Both samples show a 

broad peak around 3400 cm-1, which can be assigned to the OH stretching mode of the 

surface silanol groups.  The peak at 2923 cm-1 and 2854 cm-1 in the IR spectrum of 

CTAB@MSNSP can be ascribed to the asymmetric and symmetric CH stretching 

vibration respectively,145 while the peak at 1468 cm-1 can be attributed to the CH 

scissoring vibration.146 By contrast, template-free MSNSP only shows strong peaks at 

1046 cm-1 and 800 cm-1, which correspond to SiO bond stretching and bending modes. 

The spectra of both samples are consistent with the data reported for similar systems.147 
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Figure 7. FTIR spectra of CTAB@MSNSP and template-free MSNSP. 

 

Figure 8. TGA traces of CTAB@MSNSP and template-free MSNSP. 
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The removal of template was further confirmed by recording TGA curves (Figure 8). The 

major weight loss related to CTAB@MSNSP occurs in the range 200–300 oC, indicating 

decompostion of the organic surfactant CTAB. No significant weight loss in that 

temperature rage is observed in the TGA curves of MSNSP, confirming complete removal 

of CTAB by acid extraction. The MSNSP shows several stages of weight loss, which can 

be attributed to removal of moisture (< 120 oC) and residual ethoxy groups (< 500 oC), 

which results in continous SiO2 cross-linking (> 500 oC). 

 

2.2.2. Comparison of morphologies  

The importance of particle size for the biological performance of nano-sized drug 

delivery platforms is still being debated.136 Particles measuring between 20 nm and even 

720 nm have been tested in mice, but the majority of studies have focused on particle 

sizes around 100 nm.135, 148   

MSNSP and MSNLP show honeycomb structures in transmission electron microscopy 

(TEM) images (Figure 9), which reveal the presence of mesoporous channels. In images 

of the classical material prepared without addition of n-decane and DMF (MSNSP) 

several particles were observed (Figure 9A) showing highly ordered pores, but images 

were not always well-resolved, and the porosity had be investigated by small-angle X-ray 

scattering (SAXS) and gas (N2) physisorption analysis (see below). In MSNLP samples, 

relatively larger but disordered and interconnected pores can be easily discerned at the 

same level of magnification (Figure 9B), indicating that increasing the pore size with a 

combination of n-hexane and DMF was successful.  
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Both types of nanoparticles show narrow particle size distributions. The average size of 

MSNSP is approximately 120 nm (long dimension) (Figure 9A). For the batch prepared of 

MSNLP, a particle diameter of 78 ± 12 nm was determined (a small population of the 

former particles is shown in Figure 9B; average of > 200 particles analyzed with ImageJ 

± standard deviation). MSNSP particles show a short rod-shaped morphology with an 

aspect ratio (AR) of 1.5.  By contrast, MSNLP particles are ideally spherically shaped 

with an AR of 1. Since the concentration of CTAB is 5.7 mM, which exceeds the critical 

micelle concentration (0.9 mM),149 it is possible that excess CTAB aggregates and forms 

long individual cylindrical micelles, which would explain the shape of the MSNSP 

particles. After adding DMF/n-decane swelling agent in the synthesis of MSNLP, excess 

CTAB likely dissolves into the organic phase, promoting the formation of spherically 

shaped particles.  

It has been reported that particles with AR > 1 show greater cellular uptake and therefore 

more efficient drug delivery, which could be advantageous for delivering moderately 

cytotoxic drugs, such as cisplatin.150 However, for highly cytotoxic, larger-sized 

platinum-acridines, we considered a large pore diameter and pore volume more critical 

features than particle shape, and MSNLP was ultimately chosen for our particular 

application. 
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Figure 9. TEM images of typical MSNSP (A) and MSNLP (B) batches. 

 

(A) 

(B) 
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2.2.3. Effect of swelling agent on pore size of MSNs 

Small angle X-ray scattering (SAXS) is a common technique used to characterize the 

mesostructures of silica nanoparticles from diffraction peaks measured at small 

2θ  angles. The d spacing between planes indexed (100) is the most important parameter, 

which can be used to determine the lattice constant a0 and morphology of newly 

synthesized materials.  The relationship between d100 and ao is shown in Figure 10. 

 

Figure 10. Schematic of interplanar distances d100 (“d spacing”) and lattice parameter a0 

in a hexagonal two-dimensional lattice, where ‘w’ is the wall thickness. 

  

 w 
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The interplanar spacing can be calculated using Bragg’s equation: 

𝑑𝑑100 = 𝜆𝜆
2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

                                                      (2-1) 

where 𝜆𝜆 is the wavelength of CuKα radiation and θ  is the scattering angle. 

From the interplanar spacing, another important parameter, the lattice constant a0 can be 

calculated using the following equation for hexagonal lattices: 

𝑎𝑎0 = 2𝑑𝑑100 √3⁄                                                    (2-2) 

 

Figure 11. SAXS profiles for pristine mesoporous silica nanoparticles (MSNs) prepared 

using varying amounts of decane/DMF (see Experimental Section for details). ‘SP’, ‘IP’, 

and ‘LP’ stand for small-pore, intermediate pore, and large-pore, respectively. 
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Figure 11 shows a series of SAXS reflection patterns recorded for the MCM-41-derived 

materials prepared with different ratios of swelling agent and co-solvent. Four peaks are 

observed for the MSNSP sample, which can be assigned to the (100), (110), (200), and 

(210) reflections, confirming a hexagonal alignment of pores in the material. The (100) 

peak is sharp, which is in agreement with a highly ordered array of mesopores. In the 

patterns produced by the MSNIP and MSNLP materials, the (110), (200), and (210) peaks 

disappear and the (100) peaks broadens significantly, indicating loss of crystallinity due 

to increased heterogeneity in pore dimensions and disorder in the pore alignment. Table 

II summarizes the d100 spacings and cell parameters of the various MSN samples 

synthesized. Interestingly, the material generated with DMF but no n-decane increases 

the d100 spacing and cell parameters. Addition of hydrophobic n-decane to the reaction 

mixture to support micelle expansion led to lattice constants larger than 8 nm. 

 

Table II. Summary of Lattice Parameters From SAXS and Reaction Conditions 

Sample 2θ (o) d100 (nm) a0 (nm) Conditions:  
n-decane/DMF (v:v)a 

MSNSP 2.22 3.98 4.63 None 
MSNIP1 1.78 4.97 5.74 DMF only 
MSNIP2 1.56 5.67 6.55 1:20 
MSNIP3 1.37 6.45 7.45 1:10 
MSNLP 1.20 7.36 8.50 1:1 

a For detailed conditions, see Table IV in the Experimental Section. 
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Figure 12. Classification of gas physisorption isotherms according to new IUPAC 

conventions.151 

It is difficult to derive the pore dimensions from the lattice constant a0 without knowledge 

of the thickness of the walls that separate the pores (see parameter ‘w’ in Figure 10).  A 

more direct method of determining pore dimensions is based on measuring gas 

physisorption isotherms. According to current IUPAC recommendations, the physical 

sorption isotherms can be grouped into eight categories (Figure 12).41, 151 Type IV (‘a’ 
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and ‘b’) and Type V isotherms are the characteristic isotherms observed for mesoporous 

materials. The adsorption process can be described as micropore filling, layer-by-layer 

adsorption, followed by pore capillary condensation. Highly ordered, classical MCM-41 

shows minimal hysteresis behavior because of completely reversible 

condensation/evaporation (Type IV(b)). The hysteresis loop observed in materials of 

varying pore dimensions and hierarchical structure often indicates delayed desorption of 

the condensed gas. This situation occurs when the adsorbed gas must pass through 

narrow openings between interconnected pores (bottlenecks) or is trapped in cavities. 

Pore blocking results in delayed evaporation as the partial pressure of the gas decreases, 

giving rise to a distinct step in the desorption curve and Type IV(a) isotherms (Figure 

12).152   

Figure 13 shows the nitrogen adsorption-desorption isotherms for the five types of MSNs 

synthesized in this study. MSNSP shows a classical Type IV(b) isotherm, as can be 

expected for highly ordered cylindrical pores with a small pore diameter and narrow size 

distribution, such as MCM-41.153 For the nanoparticles synthesized in the presence of 

DMF (MSNIP1), the shape of the isotherm did not change significantly, suggesting only 

minor changes in the pore geometry. The isotherms begin to show hysteresis loops in 

samples prepared with n-decane, MSNIP2, MSNIP3, and MSNLP, indicating a transition 

from Type IV(b) to Type IV(a) isotherms. With increasing amounts of swelling agent, the 

hysteresis loops shift to higher relative pressures (P/P0) and become wider, indicating a 

gradual increase in pore dimensions. MSNLP shows the most pronounced hysteresis 

behavior and adsorption-desorption curves shifted to the highest P/P0 values in the 0.5 to 

0.7 range.  
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The pore size distributions (PSD) calculated for these isotherms are shown in Figure 14. 

The small-pore MSNSP shows a narrow distribution of mesopores in the range 3–5 nm 

and a mean pore size of 4.1 nm. No major change in calculated PSD is observed for 

MSNIP1 generated in the presence of DMF but without addition of n-decane. In the 

nanoparticles generated with DMF/n-decane (MSNIP2–MSNLP), the distribution broadens 

and the PSD curve maxima are shifted to larger values, clearly indicating that these 

materials not only possess larger average pore diameters but also broader PSD. For 

instance, for MSNLP, the mean pore size is 6.8 nm, and the porosity is characterized by a 

high degree of heterogeneity with pore sizes ranging from 4 to 12 nm. In large-pore 

MSNs, relatively sharp peaks in the 4–5 nm range can be observed (highlighted with an 

asterisk in Figure 14), which can be attributed to the tensile strength effect (TSE) and, 

therefore, can be considered artifacts.154  
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Figure 13. Nitrogen sorption isotherms of mesoporous silica nanoparticles generated 

with different swelling agent/co-solvent ratios. The arrow indicates a point of premature 

collapse of the hysteresis (desorption curve, top trace) due to tensile strength failure of 

the liquid N2 meniscus during gas desorption. 
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Figure 14. Pore size distribution (PSD) curves for mesoporous silica nanoparticles. The 

asterisk (Pore size = 4.9 nm) denote artifacts produced by TSE of the meniscus during the 

desorption/evaporation of nitrogen (see also Type IV(a) MSN in Figure 12 and 

experimental traces in Figure 13). 

 
Table III. Physical Parameters of MSNs Synthesized with Different Amounts of 
Decane/DMF 

Sample Surface area 
(m2/g)a 

Pore volume 
(cm3/g) 

Mean pore size D 
(nm)b 

Wall thickness 
(nm)c 

MSNSP 987 0.87 4.1 0.54 
MSNIP1 981 0.85 4.2 1.54 
MSNIP2 974 1.38 5.2 1.35 
MSNIP3 967 1.67 5.8 1.65 
MSNLP 870 1.14 6.8 1.68 

a Brunauer-Emmett-Teller (BET) analysis. b Calculated using non-linear density functional theory 
(NLDFT) in the Tristar II 3020 software.  c Calculated with eq. 2-3. 
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The physical parameters of MSNs synthesized with different amounts of decane/DMF are 

listed in Table III. The wall thickness, w, can be calculated from: 

𝑤𝑤 = 𝑎𝑎0 − 𝐷𝐷                                                      (2-3) 

where 𝑎𝑎0 is the lattice constant determined by SAXS and D is the mean pore diameter 

obtained from gas sorption experiments. 

The walls of MSNSP measure 0.54 nm, which is considerably thinner than the thickness 

typically observed in this type of material (0.8–1 nm). This effect can be attributed to the 

extended reflux times in acidic ethanol required to remove CTAB template from the 

small-pore material.138  In MSNIP1, the lattice constant increases while the pore size 

remains virtually unchanged, suggesting that the co-solvent supports the formation of 

thicker and more robust walls. Addition of n-decane to stabilize large micelles gradually 

increases the pore dimensions, which mirrors the trend observed in SAXS experiments 

(Table II). Increasing amounts of n-decane have no major impact on the wall thickness. 

The change in SAXS and NLDFT pore sizes and wall thickness as a function of n-decane 

in the reaction mixture is shown in Figure 15. The increase in pore diameter is 

accompanied by a decrease in surface area by approximately 12% from 987 m2/g in 

MSNSP to 870 m2/g in MSNLP. This can be considered negligible and should not affect 

drug loading since the pore volume in MSNLP increases by 25% compared to MSNSP.  

Conditions used to generate MSNIP3 result in the largest pore volume while MSNLP 

displays the largest pore diameter, and it can be speculated that further increase of pore 

size might result in an undesirable decrease in pore volume. 
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Figure 15. Effect of n-decane on pore diameter and lattice constants (data for MSNIP1 are 

not shown). 

 

2.3. Conclusions 

In a methodology development and product optimization study, MSNs with enlarged pore 

sizes were synthesized using a new swelling agent/co-solvent combination. The obtained 

particles MSNLP show approximately 100 nm-sized spherical shapes with disordered 

channel structures. In this set of materials, n-decane/DMF increases the pore size from 

3.8 nm to 6.8 nm, which should facilitate the loading of large drug molecules such as 
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P1A1. These particles also show a larger pore volume than MCM-41 (MSNSP), which 

should translate into a higher drug loading capacity.  

 

2.4. Experimental Section 

2.4.1. General materials and methods 

Cetyltrimethylammonium bromide (CTAB) and tetraethylorthosilicate (TEOS) were 

purchased from ACROS.  All other reagents and solvents were purchased from common 

vendors and used without further purification, unless stated otherwise.  

  

2.4.2. Synthesis 

2.4.2.1. Synthesis of MSNs 

The MSN materials were synthesized according to published procedures with 

modifications.155, 156 To 0.156 g of CTAB dissolved in 75 mL of water in a 250 mL round 

bottom flask were added 0.54 mL of 2M NaOH, n-decane, and DMF, and the mixture 

was stirred for 1 h at 80 oC. (For a table summarizing the amounts and ratios used of the 

latter two components, see Table IV.)  To the vigorously stirred mixture were added 0.78 

mL of TEOS at a rate of 0.07 mL/min using a syringe pump, and stirring was continued 

at 500 rpm for another 2 h. The template in CTAB@MSN was removed by heating 300 

mg batches of the material 3 × for 12 h at reflux in conc. HCl/ethanol (0.5 mL/50 mL). 

The material (MSN) was collected by centrifugation (19,000 rpm, 10 min), washed 2 × 

with ethanol, and dried in a vacuum overnight. 
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Table IV. Swelling Agent/Co-Solvent Ratios Used for MSN Preparations. 
Sample  n-decane (mL) DMF (mL) 
MSNSP  0 0 
MSNIP1  0 10 
MSNIP2  0.5 10 
MSNIP3  1 10 
MSNLP  10 10 

 

2.4.3. Characterization 

Transmission Electron Microscopy (TEM) images in bright-field mode were captured on 

an FEI Tecnai 12 BioTWIN transmission electron microscope at an accelerating voltage 

of 80 kV. Samples for TEM analysis were dispersed in water and spotted onto 

formvar/carbon-coated copper grids (Ted Pella Inc.) and allowed to air-dry. MSNLP size 

distribution was determined from TEM images for n > 200 particles using ImageJ 

(version 1.51f, National Institutes of Health, Bethesda, Maryland, 2016). FTIR spectra 

were recorded on a Perkin Elmer Spectrum 100 spectrometer equipped with ATR 

accessory. TGA traces were recorded on a TA SDT Q600 thermogravimetric analyzer in 

air at a heating rate of 10 oC/min. Samples were lyophilized prior to TGA measurements. 

Small-angle X-ray scattering data were acquired on a Bruker D8 Discover diffractometer 

configured with CuKα radiation, parallel beam optics (Göbel mirror), and LynxEye 

detector with a step size of 0.01° and a speed of 1 s/step.  Nitrogen sorption isotherms 

were recorded using a Micromeritics Tristar II surface area and porosimeter analyzer.  

Samples were thoroughly degassed at 200 oC for at least 6 h.  The surface area and pore 

size distribution were calculated using Brunauer-Emmett-Teller (BET) and non-local 

density functional theory (NLDFT) methods, respectively.  Pore volumes were calculated 

at a relative pressure, P/P0, of 0.9.   



48 
 

CHAPTER THREE 
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3. PEGYLATION AND CARBOXYLIC ACID 

FUNCTIONALIZATION OF MESOPOROUS SILICA 

NANOPARTICLES 

 

3.1. Background  

The broad range of applications of mesoporous silica are not merely a result of the 

material’s diverse morphology and porosity. Surface modification is another way of 

tailoring MSNs to a specific application. In MSNs, two surface areas can be distinguished: 

the internal surface defined by the pore walls dimensions, and the external, media-

exposed surface. Both can be selectively modified with different functional groups. Two 

techniques exist for organic modification of mesoporous silica materials: post-

modification of the pore surface and wall of silica materials (grafting) and simultaneous 

condensation of silica and functionalized organosilane precursors (co-condensation).81 

Similar to protecting groups widely used by organic chemists, the surfactant template in 

MSN synthesis can be used to protect the inner channel and direct modifying agents to 

the external surface.157, 158  

PEGylation and functionalization with carboxylic groups have previously been used in 

mesoporous silica materials.111, 159 In this chapter, two-step grafting and one-pot co-

condensation approaches have been evaluated. mPEG-silane as well as a carboxylic acid-

modified silane were used to selectively functionalize the external and internal surfaces, 
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respectively. By simply adjusting the amount of silane, materials with well-defined levels 

of functionalization can be generated. 

 

3.2. Results and Discussion 

3.2.1. Design and synthetic methodology 

Both grafting and co-condensation involve four assembly steps (Figure 16). In the 

grafting method, the silica precursor TEOS first forms the CTAB micelle-templated 

mesoporous silica backbone. The obtained as-synthesized silica is then PEGylated with 

mPEG-modified silane, followed by removal of template using solvent extraction.  The 

unmodified silicate channel surface, which contains reactive silanol groups (Si–OH), will 

be reacted with “COOH-silane” to obtain carboxylic acid-functionalized MSNs. In 

principle, this composition can also be achieved with the co-condensation method. In this 

one-pot method, the silica precursor TEOS and the organosilane precursor (3-

aminopropyl)triethoxysilane (APTES) will co-assemble around the CTAB micelle to 

form mesoporous silica characterized by a homogeneous distribution of amine functional 

groups.  The obtained “amine-silica” can then be PEGylated to prevent unwanted 

modification inside the channels. After removal of template, the amine groups in the 

channel are reacted with succinic anhydride to form carboxylic acid-modified 

mesoporous silica nanoparticles. To assess if both synthetic routes lead to the same 

chemical composition and the same material quality, both methods were investigated.  



51 
 

 
Remove 
Template

COOH COOH

COOH COOH

Remove
Template

O O
O

Si
O

O
O

HN
O

O
OH

Si
O

O
O

NH2

Si
O

O
O

O

Si
O

O
O

O

Grafting

Co-condensation

COOH COOH

COOH COOH
COOH COOH

COOH COOH
COOH COOH

COOH COOH

NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2

COOH COOH

COOH COOH
COOH COOH

COOH COOH
COOH COOH

COOH COOH
COOH COOH

COOH COOH

NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2

NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2
NH2 NH2

NH2 NH2

PEGylation

PEGylation

 

Figure 16. Synthetic schemes for two functionalization strategies. 

 

3.2.2. Synthesis and characterization of carboxylate acid-modified silane 

The synthesis of the desired silane containing carboxylic acid terminal groups, 4-

(aminopropyltriethoxysilane)-4-oxo-butanoic acid (“COOH-silane”; APTEOSB), is 

shown in Figure 17. The reaction performed at room temperature is virtually quantitative, 

and stock solutions of the reagent in THF were used directly in grafting reactions.  FTIR 

and 1H NMR spectra are shown in the Appendix, Figures A & B. 
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Figure 17. Synthesis of 4-(aminopropyltriethoxysilane)-4-oxo-butanoic acid. 
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3.2.3. Modification of MSNLP by PEGylation  

PEGylation of the MSNLP was performed with mPEG1.2K-silane (where 1.2K refers to the 

average molecular weight of the oligomer). Figure 18 shows the FTIR spectra of 

nanoparticles obtained by reacting MSNLP (see Chapter 2) with varying amounts of 

mPEG-silane. The peaks between 2981 cm-1 and 2882 cm-1 can be assigned to 

asymmetric and symmetric CH stretching vibrations, and the peak at 1455 cm-1 can be 

assigned to the CH scissoring vibration. The intensity of each peak increases 

proportionally with the amount of initial mPEG-silane, which provides a straightforward 

method of controlling the level of functionalization.  

 

Figure 18. FTIR spectra of MSNs with different degrees of PEGylation. 
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Figure 19. TGA curves for MSNs with different degrees of PEGylation. 

 

The composition of the materials was also confirmed by TGA measurements. Figure 19 

shows the weight loss for each of the PEGylated MSNLP samples. The maximum weight 

loss of approximately 15% comapred to unmodified MSNLP is observed in the sample 

prepared with the highest concentration of mPEG-silane. The PEGylated MSNs show 

several stages of weight loss, which can be attributed to removal of moisture (< 200 oC), 

oxidative decomposition of PEG polymers (200–600 oC), and continuous SiO2 

crosslinking (> 600 oC). 
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3.2.4. Modification of MSNLP with carboxylic acid groups using silane grafting 

Similar to the surface modification with mPEG-silane, it was also possible to tune the 

level of pore wall coverage with COOH-silane. Figure 20 shows FTIR spectra of 

carboxylate acid functionalized mesoporous silica. The bands between 1700 cm-1 and 

 

Figure 20. Selected region in FTIR spectra of MSNs modified with varying amounts of 

COOH-silane (peaks in the 2800–3400 cm-1 range assigned to CH, OH, and NH 

stretching modes are not shown). 
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1600 cm-1 can be attributed to C=O stretching modes within the carboxylic acid and 

amide groups in the grafted “COOH-silane” (APTEOSB), while the band at 1408 cm-1 

can be attributed to CH stretching vibration. Figure 21 shows the corresponding TGA 

curves for the carboxylate-functionalized MSNLP samples. The carboxylate-

functionalized MSNs also show several stages of weight loss, which can be attributed to 

removal of moisture (< 300 oC), decomposition of grafted functional groups (300–600

oC), and continuous SiO2 crosslinking (> 600 oC). The material with the highest level of 

modification contains approximately 12% (by weight) grafted APTEOSB. 

Figure 21. TGA curves for mesoporous silica nanoparticles modified with varying levels 

of carboxylic acid groups. 
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3.2.5. Comparison of grafting and co-condensation strategies 

One potential disadvantage of the grafting method is that it may lead to inefficient 

modification of the pore walls due to poor penetration of organosilane into the material 

and obstruction of the pore entrance. By contrast, co-condensation has the potential to 

produce a more homogenous surface coverage with organic functional groups inside the 

mesopores. Because the synthesis of MSNs takes place under basic conditions, the 

COOH-silane would exist in its anionic form. Anionic silanes have some limitations in 

co-condensation procedures because they show a tendency to undergo self-condensation 

leading to the formation of multiply charged aggregates. These oligomers are unable to 

penetrate into the hydrophobic core of the micelles that promote MCM-41-type 

mesopores, which leads to modification of the outer particle surface.160  Thus, instead of 

performing co-condensation reactions with the anionic form of COOH-silane, the neutral 

amine-terminal reagent APTES will be used. It has been suggested that the amount of 

organosilane should not exceed 40 mol%, which has been used to achieve the highest 

level of functionalization with amine groups without compromising the material’s 

mesostructure.161 These pre-installed amine groups can then be reacted with succinic 

anhydride to generate the terminal carboxylic acid functional groups via amide bond 

formation, in complete analogy to the synthesis of COOH-silane (APTEOSB, Figure 17). 
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Figure 22 shows the FTIR spectra recorded of amine-functionalized MSNs (MSNLP-NH2) 

generated by co-condensation and the corresponding carboxylic acid-functionalized 

MSNs (MSNLP-NH-COOH). The peak at 2945 cm-1 can be attributed to CH stretching 

vibration. The sample MSNLP-NH2 shows a peak at 1638 cm-1, which can be assigned to 

NH2 scissoring bond deformation. After reaction with succinic anhydride, an intense peak 

appears at 1700 cm-1, which can be attributed to C=O stretching vibration in the amide 

and carboxylate groups. MSNLP-NH-COOH also shows peaks at 1637 cm-1 and 1550 cm-

1, the latter of which can be assigned to an amide-NH deformation mode while the former 

may indicate residual unreacted free amine group of APTES.  If the reaction of MSNLP-

NH2 with succinic anhydride does not convert all NH2 groups into COOH groups, the 

residual amine groups may react with platinum.  This would be undesired since 

aliphatic amines are typical non-leaving groups that (unlike carboxylate) will 

irreversibly trap the platinum payload in the material.   

Figure 23 shows TGA curves for the MSNs generated by co-condensation. MSNLP-NH2 

shows several stages of weight loss, which can be attributed to removal of residual 

moisture (< 120 oC), decomposition of surface amine groups (< 300 oC), decomposition 

of inner-pore amine groups (< 700 oC), and continuous SiO2 crosslinking (> 700 oC). The 

weight loss of MSNLP-NH-COOH shows features similar to those observed for MSNLP-

COOH in Figure 21.  
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Figure 22. FTIR spectra of MSNs synthesized by one-pot co-condensation. The inset 

shows the IR-active carbonyl groups. 
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Figure 23. TGA curves for MSNs synthesized by one-pot co-condensation.  
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3.3. Conclusions 

Reaction conditions were established for PEGylation and carboxylic acid 

functionalization of large-pore MSNs using post-modification (grafting) and co-

condensation methods. The degree of functionalization by each individual component can 

be easily controlled by tuning the initial amounts of organosilanes. The results suggest 

that grafting may be a better choice than co-condensation for installing dangling 

carboxylic acid groups on the interior pore surface of large-pore MSNs. Unlike small-

pore MCM-41-type materials, which do not allow organosilanes to deeply penetrate into 

the material, restricted diffusion should not limit the level of modification achieved in 

this study.  The conditions developed for both grafting procedures will be applied to the 

dual modification of MSNs in Chapter 4.    

 

3.4. Experimental Section 

3.4.1. General materials and methods 

Cetyltrimethylammonium bromide (CTAB), 3-(aminopropyl)triethoxy-silane (APTES), 

tetraethylorthosilicate (TEOS), and succinic anhydride were purchased from ACROS.  2-

[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (mPEG-silane; Mw = 1,200) was 

purchased from Gelest (Morrisville, PA). All other reagents and solvents were purchased 

from common vendors and used without further purification, unless stated otherwise.   
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3.4.2. Synthesis 

3.4.2.1. Synthesis of 4-(aminopropyltriethoxysilane)-4-oxo-butanoic acid  

The “COOH-silane” was synthesized according to a reported procedure with 

modifications.159 A mixture of 440 mg (4.4 mmol) of succinic anhydride and 1.0 mL (4.4 

mmol) of APTES in 8.0 mL of dry THF was stirred for 3 h at room temperature. The 

product was used without further purification. 1H NMR (300 MHz, chloroform-d): δ 6.27 

(s, 1H, NH), 3.83 (q, J = 7.0 Hz, 6H, CH2–O), 3.27 (q, 2H, CH2–N), 2.72–2.65 (m, 2H, 

CO–(CH2)2–CO), 2.54–2.48 (m, 2H, CO–(CH2)2–CO), 1.70–1.58 (m, 2H, CH2), 1.23 (t, J 

= 7.0 Hz, 9H, CH3), 0.64 (t, 2H, Si–CH2). 

3.4.2.2. Synthesis of large-pore MSN 

To 0.156 g of CTAB dissolved in 75 mL of water in a 250 mL round bottom flask were 

added 0.54 mL of 2M NaOH, 10 mL n-decane, and 10 mL DMF and the 

mixture was stirred for 1 h at 80 °C. To the vigorously stirred mixture were added 0.78 

mL of TEOS at a rate of 0.07 mL/min using a syringe pump, and stirring was continued 

at 500 rpm for another 2 h. The products (CTAB@MSNLP) were collected by 

centrifugation (19,000 rpm, 10 min), washed 2 × with water and ethanol, and dried in a 

vacuum overnight. 

3.4.2.3. Modification of MSN by PEGylation  

250 mg as-synthesized CTAB@MSNLP were added into 20 mL of dry toluene, and the 

suspension was stirred for 30 min at room temperature. Varying amounts (y, mg) of 

mPEG-silane (Mw = 1,200) were added and stirring was continued for another 30 min at 

room temperature (y = 20, 40, 60, 80, 100, 150). The suspension was then heated under 
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reflux for 12 h. The products, referred to as CTAB@MSNLP-yPEG, were collected by 

centrifugation and washed twice with ethanol and dried in a vacuum overnight. The 

template in CTAB@MSNLP-yPEG was removed by heating 450 mg batches of the 

material 3 × for 12 h at reflux in conc. HCl/ethanol (0.5 mL/50 mL). The material 

(MSNLP-yPEG) was collected by centrifugation (19,000 rpm, 10 min), washed 2 × with 

ethanol, and dried in a vacuum overnight. 

3.4.2.4. Carboxylate modification of MSN 

The template in CTAB@MSNLP was removed by heating 300-mg batches of the material 

3 × for 12 h at reflux in conc. HCl/ethanol (0.5 mL/50 mL). The material (MSNLP) was 

collected by centrifugation (19,000 rpm, 10 min), washed 2 × with ethanol, and dried in a 

vacuum overnight. 150 mg of MSNLP was added into 10 mL of toluene. Varying amounts 

(z, mL) of freshly synthesized COOH-silane were added, and the mixture was heated 

under reflux overnight (z = 0.1, 0.2, 0.4, 0.6, 1.0, 1.5). The samples were collected by 

centrifugation, washed with ethanol twice, and then dried in a vacuum.  The samples are 

referred to as MSNLP-zCOOH. 

3.4.2.5. Synthesis of amine-functionalized MSN by co-condensation 

0.156 g of CTAB and 0.54 mL of 2M NaOH were dissolved in 75 mL of water. A 

mixture of 10 mL of n-decane and 10 mL of DMF was added, and the mixture was stirred 

for 1 h at 80 oC. 0.31 mL of APTES and 0.47 mL of TEOS were mixed and then added 

into the above solution at a rate of 0.07 mL/min using a syringe pump.  After addition of 

the silane mixture was complete, stirring was continued at 500 rpm for another 2 h. The 

products were collected by centrifugation, washed twice with water and ethanol, and 

dried in a vacuum overnight. The template in the recovered materials, referred to as 
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CTAB@MSNLP-NH2, was removed by heating 250 mg samples 3 × for 12 h under reflux 

in conc. HCl/ethanol (0.5 mL/50 mL). The material template-free materials, MSNLP-NH2, 

were collected by centrifugation (19,000 rpm, 10 min), washed 2 × with ethanol, and 

dried in a vacuum overnight.  

3.4.2.6. Carboxylate modification of amine-functionalized MSN 

100 mg of MSNLP-NH2 and 0.2 g of succinic anhydride were added into 10 mL toluene 

and refluxed overnight. The sample were collected by centrifugation and washed with 

ethanol twice and then dried in a vacuum. The sample was named MSNLP-NH-COOH. 

 

3.4.3. Characterization 

FTIR spectra were recorded on a Perkin Elmer Spectrum 100 spectrometer equipped with 

ATR accessory. TGA traces were recorded on a TA SDT Q600 thermogravimetric 

analyzer in air at a heating rate of 10 oC/min.  Samples were lyophilized prior to TGA 

measurements. 1H NMR spectra were recorded on a Bruker Advance 300 MHz 

instrument. Chemical shifts (δ) are given in parts per million (ppm) relative to internal 

standard tetramethylsilane (TMS). 1H NMR data is reported in the conventional form 

including chemical shift (δ, ppm), multiplicity (s = singlet, t = triplet, q = quartet, m = 

multiplet), coupling constants (Hz), and signal integrations. The NMR spectra were 

processed and analyzed using the MestReNova software package. 



64 

CHAPTER FOUR 



65 
 

4. OPTIMIZATION OF MESOPOROUS SILICA 

NANOPARTICLES FOR PLATINUM-ACRIDINE 

DELIVERY 

 

4.1. Background  

To optimize nanoparticles for applications in drug delivery platforms, most pristine 

materials require surface modifications by either physical adsorption (coating) or 

covalent functionalization to improve their biocompatibility. These modifications 

promote long circulation times in blood as well as controlled release and targeted 

delivery of payload. Due to its hydrophilicity and biocompatibility, polyethylene glycol 

(PEG) is widely used for surface modification of nanoscale particles. Without 

modification, as-synthesized particles will be covered with opsonin proteins and removed 

from circulation by macrophage cells of the immune system.84 The PEG polymers act as 

a shield that protects particles from interaction with cell surface proteins, thus minimizing 

adverse immunological effects.162 PEGylation has also been applied to mesoporous silica 

nanoparticles for surface modification.111 However, it is still being debated what kind of 

PEG is required to achieve optimal long-term homogeneity and stability of MSNs in the 

body.163, 164 In this chapter, we modified carboxylate-functionalized MSNs with 

polyethylene glycol (PEG) of varying chain length. Drug loading experiments were 

performed to determine how the molecular weight of PEG and the pore size of the MSNs 
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affect drug loading efficiency. In addition, drug release studies were conducted in 

different buffers simulating relevant conditions in the body. 

4.2. Results and Discussion 

4.2.1. Design and synthetic methodology 

As concluded in Chapter 3, post-modification can be considered a better choice than co-

condensation for our specific application. Grafting reactions follow the general synthetic 

scheme shown in Figure 16. The procedure involved backbone formation by 

condensation of the silica precursor TEOS in the presence of CTAB-supported micelles 

to generate CTAB@MSNSP and CTAB@MSNLP samples. The as-synthesized 

nanoparticles were first PEGylated to modify the outer surface with hydrophilic polymer. 

After removal of the CTAB template, COOH-silane was then used to decorate the inner 

surface of the mesopores to form the desired biocompatible, functionalized MSNs.  

4.2.2. Effect of PEG molecular weight on MSN properties 

The feasibility study in Chapter 3 was based on grafting reactions performed with mPEG-

silane with a molecular weight of 1,200.  Previous studies have demonstrated that 

extended PEG polymers may improve the biocompatibility of nanoparticles and 

liposomes.165, 166 Thus, we first compared the effects of four different mPEG-silanes with 

average molecular weights of 600, 1,200, 5,000, and 20,000 g/mol. The infrared spectra 

of large-pore functionalized MSNs are shown in Figure 24. The spectroscopic features of 

these materials are consistent with those observed for the MSNLP-PEG and MSNLP-
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COOH generated in Chapter 3 (Figures 18 and 20). Since the different PEG polymers 

contain the same functional groups, the materials show essentially the same IR features.  

 

Figure 24. FTIR spectra of selected large-pore MSN-COOH-PEG materials. (The inset 

shows the IR-active carbonyl groups) (FTIR spectra of small-pore MSN-COOH-PEG are 

shown in Appendix Figure C.) 



68 
 

 

Figure 25. TGA weight loss curves of selected MSN-COOH-PEG materials. 

 

Selected “bifunctionalized” materials were also studied by TGA (Figure 25). No major 

differences are observed in the profiles of small-pore and large-pore particles and 

particles containing mPEG5K and mPEG20K residues. All functionalized samples show an 

approximately 40% higher weight loss than MSNSP and MSNLP, which is associated with 

the decomposition and oxidation of organic components. The samples show virtually no 

weight loss below 200 oC, similar to MSN-PEG materials (Chapter 3, Figure 19). 

Significant weight loss is observed in the range 300–400 oC, which can be attributed to 

the simultaneous combustion of carboxylate-modified groups and PEG groups. The 
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weight loss at temperatures above 600 oC where crosslinking occurs is less pronounced 

than in the MSN-COOH and MSN-PEG materials (Chapter 3). This observation may 

indicate that dual modification results in a relatively smaller amount of residual Si–OH 

groups that can undergo condensation to form Si–O–Si cross-links.  

 

Figure 26. SAXS patterns of selected MSN-COOH-PEG materials.  

 

Figure 26 shows the SAXS patterns of carboxylic acid-modified MSNs containing 

different PEG polymers. The MSNSP-COOH-PEG5K and MSNSP-COOH-PEG20K samples 

show (100) peaks at 2θ values of 2.22 and 2.21, respectively, indicating that the pore 
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structure remained intact after the two modification steps. However, the peaks are of 

relatively weaker intensity than the analogous pattern observed for MSNSP, which is in 

agreement with a high level of disorder introduced by grafted organic groups inside the 

pores. The large-pore materials show a similar trend: MSNLP-COOH-PEG5K and MSNLP-

COOH-PEG20K show weak (100) peaks at 2θ values of 1.28 and 1.27. These results 

confirm that the structures of the mesopores and the crystallinity of the materials were not 

compromised by the two successive grafting reactions. 

 

Figure 27. Nitrogen sorption isotherms of selected MSN-COOH-PEG materials. 
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The four modified materials were also analyzed by gas sorption measurements. The 

resulting isotherms are shown in Figure 27. MSNSP-COOH-PEG5K and MSNSP-COOH-

PEG20K show traces that run parallel and very close to the x-axis up to P/P0 ≈ 0.8, 

indicating these materials have reached saturation at very low pressure. This phenomenon 

is often observed in mesoporous materials containing long, narrow pores, which have 

been modified with organic functional groups.167 Their isotherms can be classified as 

Type I(b), which are typically observed for narrow mesopore widths of less than 2.5 nm. 

By contrast, both MSNLP-COOH-PEG5K and MSNLP-COOH-PEG20K isotherm curves 

show a positive slope, indicating an increase in pore size and volume. The isotherm of 

MSNLP-COOH-PEG20K can be classified as Type IV(b), whereas the isotherm of MSNLP-

COOH-PEG5K shows a transition from Type IV(b) to Type IV(a), indicating that this 

material has a larger gas-accessible surface area and pore volume. The isotherm also 

shows signs of hysteresis behavior in the P/P0
 range 0.3–0.6, in agreement with the 

functionalized material maintaining features of the mesoporous structure of the parent 

material, MSNLP (compare Figure 13, Chapter 2). 
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Figure 28. Calculated pore size distributions for selected MSN-COOH-PEG materials. 

Peaks denoted with an asterisk at ~50 Å (~5 nm) are artifacts caused by TSE (see also 

Chapter 2, 2.2.3).  

 

Pore size distributions (PSD) of carboxylate-modified, PEGylated MSNs were calculated 

(Figure 28). As concluded from the data in Figure 27, it is impossible to determine 

meaningful pore sizes for MSNSP-COOH-PEG5K and MSNSP-COOH-PEG20K (red and 

black traces Figure 28).  The mean pore sizes in MSNLP-COOH-PEG5K and MSNLP-

COOH-PEG20K are 5.6 and 5.4 nm, respectively, which appear significantly smaller than 

those calculated for unmodified MSNLP. Surface areas, pore sizes, and pore volumes are 
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summarized in Table V.  The surface areas in these samples dramatically decreased 

relative to the pristine materials, indicating almost complete (MSNSP) or partial (MSNLP)

blocking of the pores by the grafted organic groups.  Obstruction of the mesopores 

appears to be least pronounced for the large-pore material when modified with the low-

molecular-weight PEG.  Thus, it can be speculated that MSNLP-COOH-PEG5K should 

have the highest loading capacity for P1A1.   

Table V. Gas Sorption Parameters for PEGylated, Carboxylate-Functionalized MSNs 

a Brunauer-Emmett-Teller (BET) analysis. b Calculated using non-linear density functional theory 
(NLDFT) in the Tristar II 3020 software. 

Figure 29. Hydrodynamic particle sizes of MSN-COOH-PEG materials in PBS. 

Sample Surface area 
(m2/g)a

Mean pore size D 
(nm)b

Pore volume 
(cm3/g) 

MSNSP-COOH-PEG20K 12 - - 
MSNLP-COOH-PEG20K 61 5.4 0.07 
MSNSP-COOH-PEG5K 10 - - 
MSNLP-COOH-PEG5K 129 5.6 0.16 
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Figure 29 shows hydrodynamic particle size distributions recorded in phosphate-buffered 

saline (PBS) of carboxylate-modified MSNs containing PEG molecules of varying length. 

Without appropriate surface modifications, MSNs tend to aggregate and precipitate in 

high-ionic strength media, such as PBS.107, 168 PEGylation results in nanoparticles with 

improved hydrodynamic properties compared to the MSNSP/LP-COOH materials (Table 

VI). In PBS, the MSNLP-COOH-PEG5K and MSNLP-COOH-PEG20K preparations show 

diameters in the range 250–350 nm, that is, significant larger than the dimensions 

determined for MSNLP-COOH by TEM. This behavior suggests altered hydrodynamic 

properties due to changes in microviscosity or some level of particle clustering. The use 

of mPEG600 and mPEG1.2K resulted in even larger aggregates/clusters (> 600 nm) and 

wider size distributions characterized by polydispersity indices (PDI) of greater than 0.2. 

No clear correlation could be established between the charge states of the particles (ζ-

potentials are in the −20 to −35 mV range) and their dispersibility. Although samples 

modified with mPEG20K and mPEG5K initially showed promising colloidal stability in 

DLS experiments, the nanoparticles showed major aggregation within a few hours. 
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Table VI. Hydrodynamic Parameters for  PEGylated, Carboxylate-Modified MSNs 

a From dynamic light scattering (DLS) experiments. b From micro-electrophoresis/electrophoretic 
light scattering measurements. 

 

4.2.3. Drug loading and release study of PEGylated, carboxylate-modified MSNs 

There are three ways of quantifying the uptake of guest molecules into nanoparticles: 

loading capacity (LC), payload content (PC), and loading efficiency (LE).  LC was used 

in the following discussion in this chapter and in Chapter 5. 

  

𝐿𝐿𝐿𝐿𝑎𝑎𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿 𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐𝐿𝐿𝑐𝑐𝑐𝑐 (%) =  𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃1𝐴𝐴1
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀

∗ 100                   (4-1) 

𝑃𝑃𝑎𝑎𝑐𝑐𝑃𝑃𝐿𝐿𝑎𝑎𝑑𝑑 𝑐𝑐𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝐿𝐿𝑐𝑐 (%) =  𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃1𝐴𝐴1
𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃1𝐴𝐴1+𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀

∗ 100              (4-2) 

𝐿𝐿𝐿𝐿𝑎𝑎𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿 𝑐𝑐𝑒𝑒𝑒𝑒𝐿𝐿𝑐𝑐𝐿𝐿𝑐𝑐𝐿𝐿𝑐𝑐𝑐𝑐 (%) =  𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃1𝐴𝐴1
𝑚𝑚𝑡𝑡𝐿𝐿𝑡𝑡𝐿𝐿𝑡𝑡 𝑃𝑃1𝐴𝐴1

∗ 100           (4-3) 

 

In this experiment, fixed amounts of MSN material were incubated in a buffered solution 

with specific concentration of P1A1. The LC was determined for each condition by 

Sample Hydrodynamic 
particle size (nm)a 

Polydispersity 
index (PDI)a 

ζ-potential 
(mV)b 

MSNSP-COOH-PEG20K 340.6 0.052 -18.1 
MSNLP-COOH-PEG20K 256.7 0.067 -23.2 
MSNSP-COOH-PEG5K 383.9 0.143 -31.8 
MSNLP-COOH-PEG5K 339.4 0.103 -32.6 
MSNSP-COOH-PEG1.2K 942.6 0.173 -39.1 
MSNLP-COOH-PEG1.2K 712.4 0.232 -35 
MSNSP-COOH-PEG600 676.7 0.570 -38 
MSNLP-COOH-PEG600 739.9 1.000 -35.3 
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comparing the UV absorbance of the initial drug solution with the drug that remains in 

the supernatant after removing the drug-loaded MSNs from solution by centrifugation. 

Because of the poor colloidal properties of the materials generated with mPEG600 and 

mPEG1.2K, only MSN-COOH-PEG5K and MSN-COOH-PEG20K were studied.  

Figure 30 shows drug LC for each mPEG5K and mPEG20K grafted, carboxylated MSN. 

Because loading of P1A1 is a reversible equilibrium process, an increase in P1A1 in the 

soaking solution increases the amount drug in the particles until the pores are saturated 

with payload. The two small-pore materials, MSNSP-COOH-PEG5K and MSNSP-COOH-

PEG20K, clearly showed a significantly reduced loading capacity (7% and 5%, 

respectively) compared to their large-pore counterparts, MSNLP-COOH-PEG5K and 

MSNLP-COOH-PEG20K (28% and 15%, respectively). The comparison shows that both a 

larger pore size/volume and a shorter PEG chain length promote a larger LC. It appears 

that both the grafted carboxylic acid groups in the small pores and the mPEG20K polymer 

covering the outer surface, which may act as a gatekeeper, restrict uptake of P1A1. These 

results are in good agreement with the nitrogen-accessible pore sizes/volumes determined 

by gas adsorption measurements (see Table V).   

Considering the combined results from DLS, drug loading, and gas sorption experiments, 

MSNLP-COOH-PEG5K can be considered the best choice for our application because it 

shows the best colloidal stability and highest level of loaded drug. Thus, this sample was 

used for drug release studies. 
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Figure 30. Drug loading capacity of PEGylated, carboxylic acid-functionalized MSNs.  

Error bars indicate ± standard deviations for a set of four test samples. 
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Figure 31. Drug release experiment for P1A1@MSNLP-COOH-PEG5K.  

 

The equilibrium release of payload from P1A1@MSNLP-COOH-PEG5K was monitored 

by UV-vis spectrophotometry in two different buffers simulating the pH in blood and in 

the cells’ lysosomes.  In PBS (pH 7.6, 140 mM chloride), which mimics the situation in 

circulation, the MSNLP-COOH-PEG5K released ~12% of the payload at the first time 

point (after 20 min), but this concentration did not change over the 72 h of incubation, 

suggesting that MSNLP-COOH-PEG5K will leak only a minor amount of P1A1 while in 

the blood stream. When the buffer was changed to acetate (pH 4.6), an initial burst 

release of 20% P1A1 is observed followed by a slower release of an additional 10–15% 

of payload until equilibrium is reached after the 12 h time point.  These results confirm 
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that at acidic pH, MSNLP-COOH-PEG5K releases P1A1 more efficiently than at neutral 

pH. This is an important observation because this mechanism will allow pH-triggered, 

selective drug release in targeted cancer cells. Since the inner pores of the MSN materials 

are negatively charged due to deprotonated silanol and carboxylic acid groups, switching 

to acidic buffer conditions will allow protons to diffuse into the material’s channels. This 

will favor release of P1A1 by two mechanisms: (i) release of non-covalently bound 

cationic drug by the reduced negative surface charge, and (ii) release of platinum attached 

to carboxylate groups, which will undergo (partial) protonation at low pH.  

 

 

Figure 32. Representative TEM image of P1A1@MSNLP-COOH-PEG5K. 
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Finally, TEM bright-field images of P1A1-loaded MSNLP-COOH-PEG5K nanoparticles 

were captured (Figure 32). These particles show a darker contrast than the unmodified 

particles in Figure 9B, which is consistent with increased electron density in the 

micropores filled with organic groups and electron-rich platinum.  

 

4.3. Conclusions 

Dual PEGylated carboxylate-functionalized MSNs were generated using selective 

grafting procedures.  Coating of MSNs with PEG molecules of different molecular 

weights allowed us to identify optimal conditions for further drug loading and biostability 

studies. The results show that modified large-pore MSNs maintain larger pore sizes and 

volumes, which are required for efficient loading of P1A1. PEGylation with mPEG5K and 

mPEG20K results in improved monodispersibility in high salt media. Unfortunately, the 

longer polymer also acts as a barrier that blocks the mesopores and decreases drug 

loading. mPEG5K appears to be the best coating material for drug delivery applications. 

The corresponding large pore MSNs are stable and only leak a minor amount of P1A1 in 

PBS buffer, while allowing efficient drug release at acidic pH. 

Despite the improvements achieved in this system, PEGylation can be considered not 

ideal as a method for improving the biocompatibility of the MSNLP-COOH particles 

because it not only failed to promote long-term colloid stability, but also limited the 

drug loading capacity of the material. Thus, the decision was made to search for 

alternative ways of improving the colloidal stability while achieving even higher loading 

capacities.  
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4.4. Experimental Section 

4.4.1. General materials and methods 

Cetyltrimethylammonium bromide (CTAB), 3-(aminopropyl)triethoxy-silane (APTES), 

tetraethylorthosilicate (TEOS), and succinic anhydride were purchased from ACROS.  2-

[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (mPEG-silane; Mw = 600 and 1,200) 

were purchased from Gelest (Morrisville, PA).  mPEG-silanes with Mw = 5,000 and 

20,000 were purchased from Laysan Bio. All other reagents and solvents were purchased 

from common vendors and used without further purification, unless stated otherwise. 

[PtCl(en)(N-[acridin-9-ylaminoethyl]-N-methylpropionamidine)] dinitrate salt (P1A1) 

was synthesized according to a published procedure.137  

 

4.4.2. Synthesis 

4.4.2.1. Synthesis of MSN  

To 0.156 g of CTAB dissolved in 75 mL of water in a 250 mL round bottom flask were 

added 0.54 mL of 2M NaOH, (10 mL n-decane, and 10 mL DMF for MSNLP or none for 

MSNSP) and the mixture was stirred for 1 h at 80 °C. To the vigorously stirred mixture 

were added 0.78 mL of TEOS at a rate of 0.07 mL/min using a syringe pump, and stirring 

was continued at 500 rpm for another 2 h. The products (CTAB@MSNLP or 

CTAB@MSNSP) were collected by centrifugation (19,000 rpm, 10 min), washed 2 × with 

water and ethanol, and dried in a vacuum overnight. 
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4.4.2.2. Synthesis of MSN-PEG 

CTAB@MSN (250mg) was stirred in 20 mL of toluene until thoroughly dispersed (30 

min). 50 mg of mPEG-silane was added and the mixture was stirred for 30 min at room 

temperature and then heated at reflux for 12 h. The resulting CTAB@MSN-PEG 

materials were collected by centrifugation (19,000 rpm, 10 min). The template in 

CTAB@MSN-PEG was removed by heating 400 mg batches of the material 3 × for 12 h 

at reflux in conc. HCl/ethanol (0.5 mL/50 mL). The material (MSN-PEG) was collected 

by centrifugation (19,000 rpm, 10 min), washed 2 × with ethanol, and dried in a vacuum 

overnight. 

4.4.2.3. Synthesis of MSN-COOH-PEG and P1A1@MSN-COOH-PEG 

150 mg MSN-PEG was added into 10 mL toluene. 1 mL of obtained COOH-silane was 

added into above mixture and heated to reflux overnight. The material (MSN-COOH-

PEG) was collected by centrifugation (19,000 rpm, 10 min), washed 2 × with ethanol, 

and dried in a vacuum overnight. To generate P1A1@MSN-COOH-PEG with a specific 

payload content, MSN-COOH-PEG (1 mg/mL) was dispersed in 0.1–5.0 mM P1A1 in 

PBS, and the mixture was incubated with gentle agitation for 24 h at room temperature. 

Drug-loaded nanoparticles were collected by centrifugation (13,400 rpm, 5 min), washed 

2 × with water and allowed to dry in air overnight. 

 

4.4.3. Characterization 

Transmission Electron Microscopy (TEM) images in bright-field mode were captured on 

an FEI Tecnai 12 BioTWIN transmission electron microscope at an accelerating voltage 
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of 80 kV. Samples for TEM analysis were dispersed in water and spotted onto 

formvar/carbon-coated copper grids (Ted Pella Inc.) and allowed to air-dry. FTIR spectra 

were recorded on a Perkin Elmer Spectrum 100 spectrometer equipped with ATR 

accessory. TGA traces were recorded on a TA SDT Q600 thermogravimetric analyzer in 

air at a heating rate of 10 oC/min. Samples were lyophilized prior to TGA measurements. 

Small-angle X-ray scattering data were acquired on a Bruker D8 Discover diffractometer 

configured with CuKα radiation, parallel beam optics (Göbel mirror), and LynxEye 

detector with a step size of 0.01° and a speed of 1 s/step.  Nitrogen sorption isotherms 

were recorded using a Micromeritics Tristar II surface area and porosimeter analyzer.  

Samples were thoroughly degassed at 200 oC for at least 6 h.  The surface area and pore 

size distribution were calculated using Brunauer-Emmett-Teller (BET) and non-local 

density functional theory (NLDFT) methods, respectively.  Pore volumes were calculated 

at a relative pressure, P/P0, of 0.9.  The ζ-potential and size distribution of the 

nanoparticles were determined on a Malvern zetasizer Nano ZS 90 analyzer. P1A1 was 

quantified from UV-vis absorbances at λmax = 413 nm recorded on a Synergy BioTek H1 

plate reader and appropriate calibration curves. 

 

4.4.4. In vitro drug loading and release 

P1A1 was dissolved in PBS (pH 7.4) at concentrations of 0.625 mM, 1.25 mM, 2.5 mM, 

and 5 mM. MSN-COOH-PEG materials were suspended in the above solutions at a 

concentration of 2 mg/mL. After shaking for 24 h at room temperature in a Thomas 

Scientific micro-shaker (800 rpm), these particles were removed by centrifugation 

(13,400 rpm, 2 min), and P1A1 in the supernatant was quantified from UV-vis 
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absorbances at λmax = 413 nm recorded on a Synergy BioTek H1 plate reader using 

appropriate calibration curves. In release studies, drug-loaded nanoparticles (1 mg) were 

suspended in 1 mL of PBS (pH 7.6) or sodium acetate buffer (pH 4.6, [chloride] = 5 mM) 

at 37 °C in a Labnet Accublock digital dry bath. At each time point (0.25, 2, 4, 6, 12, 24, 

48, 72 h) 100 µL of the colloidal dispersion was removed and immediately centrifuged at 

13,400 rpm for 5 min. The supernatant was analyzed for released P1A1 content as 

described above. All measurements were performed in quadruplicate in a 96-well plate 

format. 
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CHAPTER FIVE 
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5. INVESTIGATION OF DRUG-LOADED, LIPID 

BILAYER-ENCAPSULATED MESOPOROUS SILICA 

NANOPARTICLES 

 

5.1. Background  

Since their discovery in the 1960s,7 unilamellar lipid bilayer-forming vesicles, also 

known as liposomes, have attract major attention in various research fields due to their 

structural similarity with live cells.  Liposomes are able to prolong circulation times of 

hydrophobic and hydrophilic molecules in the human body, which makes them an ideal 

platform for delivering (cytotoxic) chemotherapeutic agents. However, there are 

disadvantages to liposomes such as premature leakage of cargo and particle size control. 

New nanoparticle designs, such as the mesoporous silica-based particles developed in this 

study, may overcome these drawbacks. Inorganic mesoporous silica nanoparticles have 

potential advantages in drug delivery due to their chemical inertness and bio-stability. In 

Chapters 2–4 we demonstrated that, because of their high surface area and controllable 

pore size, these materials can be easily tailored to accommodate high loading capacities. 

However, inorganic MSNs are recognized by the body as invaders, which triggers an 

immune response and removal of the particles by specialized cells. One of the solutions is 

to use surface modifications by coating the particle with layers of biocompatible 

polymers, such as PEG. Lipid bilayer encapsulation can achieve similar functions, but 

only a few MSN-related studies have reported applications of this technique in drug 
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delivery.99, 106, 169 In this chapter, we encapsulated carboxylate-functionalized MSNs in a 

phospholipid bilayer to generate colloidally stable stealth nanoparticles for platinum-

acridine anticancer drug delivery. The strategy involved coating of the negatively charged 

outer MSN surface with positively charged and zwitterionic lipids, in combination with 

PEG-modified lipids, to generate monodispersible stealth MSNs. A comprehensive 

comparison between lipid-coated MSNs and uncoated MSNs was conducted to assess the 

performance of the formulations.  

 

5.2. Results and Discussion 

5.2.1. Design and synthetic methodology 

MSNLP samples suitable for lipid coating were generated as shown in Figure 33A. TEOS 

was first condensed in the presence of micelle-forming CTAB with or without swelling 

agent/co-solvent to form the mesoporous silica backbone. The CTAB template was then 

removed, and COOH-silane was grafted into the inner channels of the mesostructure to 

form carboxylate-functionalized MSNs. These MSNs were then dispersed in a solution of 

P1A1 (or buffer for drug-free controls) and coated with a lipid bilayer using thin film 

hydration (see Experimental Section for details). Note that the coating with lipid is done 

after reacting the material with COOH-silane, whereas covalent grafting with mPEG 

groups is done before installing carboxylic acid groups (compare Figure 16, Chapter 3). 

Lipid films were prepared from mixtures of zwitterionic 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), cationic 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP),  
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Figure 33. (A) Synthetic scheme for lipid-encapsulated, P1A1-containing MSNLP and (B) 

structures of the lipid components used in this study.  

(A) 

(B) 
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                                             DSPE-mPEG 

                                          DSPE-PEG5K-FITC 
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and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxyethyleneglycol)-

2000 (DSPE-mPEG2K) (Figure 33B). 

 

5.2.2. Characterization of pristine MSN and MSNLP-COOH starting materials  

Gas sorption isotherms recorded for the as-synthesized MSN materials and for MSNLP-

COOH prior to drug loading and lipid encapsulation are shown in Figure 34 (for 

comparison, samples of MSNSP and MSNSP-COOH were also synthesized and included in 

the drug loading experiments in 5.2.4). MSNSP shows the expected Type IV(b) isotherm, 

similar to the material generated in Chapter 2, whereas MSNLP shows a Type IV(a) 

isotherm and pronounced hysteresis behavior characteristic of enlarged mesopores. When 

MSNLP was fully functionalized with carboxylate groups to generate MSNLP-COOH, the 

isotherm reverts to Type IV(b), confirming that functionalization occurs with a 

concomitant decrease in pore diameter caused by the grafted organic groups. 
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Figure 34. Gas sorption isotherms of unencapsulated MSNs. 

 

The corresponding calculated PSDs of the samples are shown in Figure 35. MSNLP shows 

a broad distribution of the desired large pores (5–15 nm), which are required to 

accommodate both COOH surface groups and payload. As expected, the pore size and 

PSD decrease in MSNLP-COOH (2.5–5 nm). The parameters of all MSNs are 

summarized in Table VII. A TEM image of MSNLP-COOH was captured to confirm that 

the particles’ morphology and mesopore structure were not changed by the grafting 

process (Figure 36). All final materials generated for complete characterization and 

biological studies in Chapter 6 were derived from this batch of MSNLP-COOH. 
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Figure 35. Pore size distribution (PSD) of unencapsulated, carboxylate-modified MSNs. 

The asterisk denotes an artifact produced by tensile strength failure during the desorption 

process. 
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Table VII. Gas Sorption Parameters for Unencapsulated, Carboxylate-Functionalized 
MSNs 

a Brunauer-Emmett-Teller (BET) analysis. b Calculated using non-linear density functional theory 
(NLDFT) in the Tristar II 3020 software. 

 

 

 

 

 

Figure 36. Representative TEM image of MSNLP-COOH. 

  

Sample Surface area 
(m2/g)a 

Mean pore size D 
(nm)b 

Pore volume 
(cm3/g) 

MSNSP 1064 4.2 0.92 
MSNLP 957 7.2 1.44 

MSNLP-COOH 183 3.9 0.15 
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5.2.3. Screening for encapsulation conditions 

During prescreening of a small library of more than 30 lipid compositions, only a few 

formulations derived from MSNLP-COOH showed promising dispersibility in water and 

PBS (Table VIII). An important factor that needs to be taken into consideration is the 

phase transition temperature at which gel-phase lipids transform into liquid phase. Since 

these formulations will eventually be injected into circulation at 37 oC, it is necessary to 

keep the lipid bilayer stable in gel form under these conditions. DOTAP alone did not 

promote colloidal stability because of its low phase transition temperature (around 0 

oC).170 On the other hand, DPPC (transition temperature is 41 oC)171 forms stable lipid 

bilayers. When DOTAP was used in combination with DPPC to introduce positive charge, 

it was necessary limit the amount of the former cationic lipid to max. 20 wt.%.172 

Furthermore, it became apparent that this composition tolerated addition of DSPE-mPEG, 

but not cholesterol, a steroid molecule often added to stiffen lipid membranes.173 In our 

system, cholesterol compromised MSN dispersibility in PBS and was therefore avoided. 

The following mixtures of DPPC, DOTAP, and DSPE-mPEG2K gave the most promising 

formulations based on simple visual inspection of the colloids and their tendency to either 

remain dispersed for 1 h or readily precipitate after sonication: P1A1@MSNLP-COOH-

LIP10 and P1A1@MSNLP-COOH-LIP20, where DPPC:DOTAP:DSPE-mPEG ratios were 

85:10:5 and 75:20:5 by wt.%, respectively.  The latter formulation was characterized in 

detail in the following section. In all of the experiments, a freshly synthesized batch of 

MSNLP nanoparticles with a mean particle diameter of 125 ± 25 nm (ImageJ) was used. 
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Table VIII. Effect of Selected Lipid Combinations on MSNLP Dispersibility  

a Relative colloidal stabilities are based on visual inspection of samples immediately after 
sonication. (− −: precipitate immediately; −: precipitate after 30 min; +: stable for 30 min; + +: 
stable for 60 min). 

 

5.2.4. Loading capacity and drug release characteristics 

Prior to lipid coating, incubations of MSNLP-COOH and MSNSP-COOH in buffered 

solutions of P1A1 were performed (in complete analogy to the experiments with 

MSNSP/LP-COOH-PEG, Chapter 4, 4.2.3., Figure 30) to demonstrate the advantage of the 

large-pore material over the small-pore material in terms of drug loading capacity. At 

concentrations of P1A1 higher than 0.5 mM, the levels of drug loaded onto MSNLP-

COOH are approximately twice as high as those achieved with MSNSP-COOH, with the 

Trial DPPC 
(wt.%) 

DOTAP 
(wt.%) 

DSPE-mPEG 
(wt.%) 

Cholesterol  
(wt.%) Buffer Dispersibilitya 

1 0 100 0 0 H2O − − 
2 80 20 0 0 H2O  + 
3 40 60 0 0 H2O − − 
4 85 10 5 0 H2O + + 
5 75 20 5 0 H2O + + 
6 65 20 5 10 H2O − 
7 55 20 5 20 H2O − 
8 95 0 5 0 PBS + 
9 90 5 5 0 PBS + 
10 85 5 5 5 PBS − 
11 75 20 5 0 PBS + + 
12 80 5 5 5 PBS +  
13 55 20 5 20 PBS +  
14 85 10 5 0 PBS + + 
15 80 10 5 5 PBS + 
16 75 10 5 10 PBS + 
17 80 5 5 10 PBS − 
18 65 20 5 10 PBS − 
19 90 5 5 0 PBS − 
20 65 20 5 10 PBS − 
21 70 5 5 20 PBS − 



95 
 

highest loading capacity reaching ~60 wt.% for the large-pore material (Figure 37). 

MSNLP-COOH particles prepared in this manner containing 15% of P1A1 were used for 

particle characterization, and particles containing 60% of payload were used in drug 

release experiments and all cell-based assays.  

 

Figure 37. Drug loading capacity of MSN-COOH materials.  

 

Prior to the cell-based assays, we studied the equilibrium release of P1A1 from 

P1A1@MSNLP-COOH-LIP20 (40 wt.% drug content) and the corresponding lipid-free 

material, P1A1@MSNLP-COOH, in relevant buffers mimicking conditions in serum 
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(PBS, pH 7.6, containing 140 mM chloride) and in the lysosomes (acetate buffer, pH 4.6, 

5 mM NaCl). The two materials were incubated in buffers for 72 h at 37 °C, and samples 

were withdrawn from the suspensions at appropriate time intervals, centrifuged, and the 

supernatant analyzed spectrophotometrically for release of P1A1. Neither the lipid-free 

nor the lipid-coated material showed a significant release of drug over time in PBS 

(Figure 38). Both mixtures show a constant level of approximately 15% free P1A1 during 

the three days of incubation. This observation is consistent with the dissociation of only a 

small amount of payload adsorbed on the surface of the particles, but not from the interior 

pores. Thus, leakage over time of P1A1 from the materials in a high-chloride 

environment and neutral pH can be considered slow and negligible, which supports our 

design rationale. This is an important finding since similar pH-sensitive carboxylate-

modified materials have shown significant release of payload under similar conditions.  

Most importantly, the fact that no difference in drug release is observed for 

P1A1@MSNLP-COOH-LIP20 and P1A1@MSNLP-COOH demonstrates that at neutral pH 

and in the presence of physiological chloride the lipid bilayer is not required as a 

diffusive barrier to prevent leakage of drug.   

An entirely different situation was observed when the two materials were dispersed in an 

acetate buffer of pH 4.6 (supplemented with 5 mM NaCl to mimic the relatively lower 

level of chloride observed in the cytosol and acidic organelles of cells). Both 

P1A1@MSNLP-COOH and P1A1@MSNLP-COOH-LIP20 show release of approximately 

50% and 35% of payload, respectively, with the maximum level reached after 24 h of 

incubation. Under these equilibrium conditions the lipid bilayer appears to act as a 

diffusion barrier favoring higher payload retention in the particles.  Approximately half 
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of the free drug is generated during the first 20 min of incubation, consistent with rapid 

burst release of payload triggered by the acidic pH.  

 

  

Figure 38. Drug release curves for drug-loaded, lipid bilayer-encapsulated MSNs. Error 

bars indicate ± standard deviations for a set of four test samples. 
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5.2.5. Characterization of lipid-encapsulated nanoparticles  

FTIR spectra were recorded of the lipid-coated MSNs and the corresponding lipid-free 

materials (Figure 39 and Figure D in the Appendix). The peaks at 2922 cm-1 and 2852 

cm-1 can be attributed to asymmetric and symmetric CH stretching vibration. These peaks 

become more intense in the lipid-encapsulated samples, MSNLP-COOH-LIP20 and 

P1A1@MSNLP-COOH-LIP20, suggesting successful coating of the nanoparticles. The 

peaks at 1553 cm-1 and 1695 cm-1 can be attributed to NH amide II vibration and C=O 

stretching, respectively. After loading P1A1, a peak at 1642 cm-1 appears, indicating an 

increase in deprotonated, asymmetric C(O)–O− groups, which is a typical IR feature 

observed for monodentate carboxylato ligands in platinum(II) complexes.174 Thus, the IR 

feature suggests that carboxylate groups are involved in platinum coordination in P1A1. 

 

Figure 39. FTIR spectra of lipid-encapsulated MSNs. 
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The corresponding TGA traces of these formulations were also recorded (Figure 40).  

The weight loss difference between MSNLP-COOH and its drug-loaded counterpart 

P1A1@MSNLP-COOH is 12% while that between MSNLP-COOH-LIP20 and 

P1A1@MSNLP-COOH-LIP20 is 14%.  This suggests that lipid coating slightly increases 

the amount of payload, possibly due to electrostatic binding of P1A1 to the phosphoester 

groups in the lipid bilayer. The weight loss differences between MSNLP-COOH and 

MSNLP-COOH-LIP20 and between P1A1@MSNLP-COOH and P1A1@MSNLP-COOH-

LIP20 are 3% and 6%, respectively. This confirms that no drug was lost during the 

encapsulation procedure. 

 

Figure 40. TGA curves for lipid-encapsulated MSNs. 
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Figure 41 shows the results of the SAXS measurements for the four materials. The 

MSNSP and MSNLP samples show intense (100) peaks at 2θ values of 2.28° and 1.27°, 

respectively. After modification of the MSNLP material with COOH groups, P1A1, 

and/or LIP20, the corresponding (100) peaks persist at 2θ  = 1.28° but decrease in 

intensity, in agreement with an increase in disorder of the mesopore structure caused by 

the added functional groups.  

 

 

Figure 41. SAXS patterns of drug-loaded lipid bilayer-encapsulated MSNs.  
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Figure 42. Hydrodynamic particle sizes of drug-loaded, lipid bilayer-encapsulated MSNs 

determined by dynamic light scattering (DLS) measurements.  

 

Figure 42 shows selected results from DLS measurements of the hydrodynamic diameter 

of P1A1@MSNLP-COOH-LIP20 dispersed in water or PBS. The size of P1A1@MSNLP-

COOH-LIP20 in PBS is 220 nm, which is close to its hydrodynamic diameter in water. 

This size does not change significantly during the first 60 min after sonication, indicating 

good monodispersity was achieved with LIP20. In particular, the narrow size distribution 

of uniform particles with PDIs of less than 0.1 confirms that LIP20-coated particles have 

excellent colloidal stability. Table IX summarizes important DLS parameters.  
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Table IX. Hydrodynamic Particle Size of Lipid-Encapsulated Carboxylate-
Functionalized MSNsa 

a From DLS measurements. 

 

MSNLP-COOH-LIP20 and P1A1@MSNLP-COOH-LIP20 (1 mg/mL) stored in PBS at 4 °C 

for several weeks can be easily resuspended (samples in Figure 43 labeled A and B, 

respectively).  When both dispersions were irradiated with 365-nm UV light (samples 

labeled C and D), P1A1@MSNLP-COOH-LIP20 (right) showed intense blue fluorescence 

of the acridine chromophore in P1A1.  In Chapter 6 we will take advantage of the 

fluorescent properties to localize the drug-containing nanoparticles in cancer cells using 

confocal fluorescence microscopy.  

 

 

Figure 43. Samples of MSNLP-COOH-LIP20 and P1A1@MSNLP-COOH-LIP20. 

Sample Medium/Time Hydrodynamic 
particle size (nm) 

Polydispersity 
index (PDI) 

P1A1@MSNLP-COOH-LIP20 H2O/0 min 250 0.127 
P1A1@MSNLP-COOH-LIP20 PBS/0 min 220 0.186 
P1A1@MSNLP-COOH-LIP20 PBS/30 min 240 0.091 
P1A1@MSNLP-COOH-LIP20 PBS/60 min 247 0.097 
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As can be seen from the ζ-potentials in Table X, the surface of pristine unmodified  

MSNLP is highly negatively charged.  After reaction with COOH-silane to produce 

MSNLP-COOH, no significant change in surface charge is observed. After soaking this 

material in a buffered solution of 2+ charged P1A1 to generate P1A1@MSNLP-COOH, 

the ζ-potential decreases to −23.6 mV, which is slightly above the threshold potential 

required for maintaining good monodispersibility (< −25 mV or > +25 mV). Addition of 

a positively charged lipid bilayer shifts the ζ-potential to +44 mV, which explains the 

high colloidal stability of the lipid-coated formulation in water and PBS. 

 
 
Table X. Variations of ζ-Potentialsa of Various MSN Particles 

a From micro-electrophoresis/electrophoretic light scattering measurements. 

  

Sample ζ-potential (mV) 
MSNLP −40.6 
MSNLP-COOH −37.8 
P1A1@MSNLP-COOH −23.6 
P1A1@MSNLP-COOH-LIP20 +44.0 
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Figure 44 shows a TEM image of MSNLP-COOH-LIP20. The lipid bilayer coating, which 

is approximately 7 nm thick (see Appendix Figure E for an annotated image), can be 

observed after treating the sample with uranyl acetate (UA) stain. The image of the drug-

free nanoparticle also shows the intact mesopore structure, which appears more 

disordered than the classical hexagonal honeycomb structure of MSNSP (MCM-41).  

 

 

Figure 44. Representative TEM image of UA-stained MSNLP-COOH-LIP20.  
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Figure 45 shows the analogous TEM image of a drug-loaded lipid bilayer-encapsulated 

MSN.  The mesopores in this image are not resolved, possibly due to the reduced contrast 

caused by the high electron density of platinum in the material. The lipid bilayer can be 

easily identified in this image, confirming that the reduction in particle surface charge by 

P1A1 does not affect the lipid encapsulation of the material.  

 

 

Figure 45. Representative TEM image of UA-stained P1A1@MSNLP-COOH-LIP20. 
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A representative high-angle annular dark field (HAADF) image captured of 

P1A1@MSNLP-COOH by scanning transmission electron microscopy (STEM) and 

selected energy-dispersive X-ray spectroscopy (EDS) maps are shown in Figure 46. On 

the basis of the EDS elemental mapping data, a Pt content of 3.4 % was estimated to be 

present in this sample of P1A1@MSNLP-COOH, which translates to ~12 wt.% of P1A1.  

This result is in good agreement with the value determined spectrophotometrically in the 

drug loading experiments when MSNLP-COOH was soaked in 0.5 mM P1A1 (see Figure 

37). For comparison, counterpart of P1A1@MSNLP-COOH-LIP20 nanoparticles are 

shown in Figure 47. 

 

Figure 46. Dark-field image (HAADF) and selected EDS maps of P1A1@MSNLP-

COOH particles (EDS spectrum and element table are shown in Figure F and Table SA in 

the Appendix). 
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Figure 47. Dark-field image (HAADF) and selected EDS maps of P1A1@MSNLP-

COOH-LIP20 particles (EDS spectrum and element table are shown in Figure G and 

Table SB in the Appendix). 
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5.3. Conclusions 

A positively charged lipid bilayer is able to stably encapsulate MSN-COOH and 

P1A1@MSN-COOH materials and produce high-quality, colloidal dispersions in water 

and physiological PBS buffer. After functionalization with carboxylic acid groups, MSNs 

were obtained that showed a high loading capacity for P1A1, which resulted in a material 

that was able to bind/adsorb as much as 60 wt.% of drug.  Lipid coating, which had 

advantages over simple covalent PEGylation (Chapter 4), was used to generate a 

chemically robust, low-pH-responsive, and biocompatible formulation for further 

evaluation in cancer models.  P1A1@MSNLP-COOH-LIP not only promises to be highly 

stable in circulation, once the particles have entered the acidic microenvironment of the 

lysosomes, carboxylate acid functionalized material should allow pH-trigger release of 

P1A1.  On the basis of these results, P1A1@MSNLP-COOH-LIP10/20 was chosen for 

mechanistic and activity studies in human cancer cell cultures in Chapter 6. 

 

5.4. Experimental Section 

5.4.1. General materials and methods 

Cetyltrimethylammonium bromide (CTAB), 3-(aminopropyl)triethoxy-silane (APTES), 

tetraethylorthosilicate (TEOS), and succinic anhydride were purchased from ACROS.   

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (DSPE-

mPEG) and 1,2-dioleoyl-3-trimethylammoniumpropane (chloride salt) (DOTAP) and 

cholesterol (Chol) were purchased from Avanti Polar Lipids (Alabaster, AL). All other 
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reagents and solvents were purchased from common vendors and used without further 

purification, unless stated otherwise.  [PtCl(en)(N-[acridin-9-ylaminoethyl]-N-

methylpropionamidine)] dinitrate salt (P1A1) was synthesized according to a published 

procedure.137 

 

5.4.2. Synthesis 

5.4.2.1. Synthesis of MSNs  

To 0.156 g of CTAB dissolved in 75 mL of water in a 250 mL round bottom flask were 

added 0.54 mL of 2M NaOH, 10 mL n-decane, and 10 mL DMF and the 

mixture was stirred for 1 h at 80 °C. To the vigorously stirred mixture were added 0.78 

mL of TEOS at a rate of 0.07 mL/min using a syringe pump, and stirring was continued 

at 500 rpm for another 2 h. The products (CTAB@MSNLP) were collected by 

centrifugation (19,000 rpm, 10 min), washed 2 × with water and ethanol, and dried in a 

vacuum overnight.  

5.4.2.2. Synthesis of MSN-COOH and P1A1@MSN-COOH 

The template in CTAB@MSN was removed by heating 300 mg batches of the material 3 

× for 12 h at reflux in conc. HCl/ethanol (0.5 mL/50 mL). The material (MSN) was 

collected by centrifugation (19,000 rpm, 10 min), washed 2 × with ethanol, and dried in a 

vacuum overnight. To 100 mg of MSN, suspended with sonication in 10 mL of toluene, 

was then added 1 mL of the freshly prepared COOH-silane in THF, and the mixture and 

stirred and refluxed overnight. MSN-COOH was collected by centrifugation (19,000 rpm, 

10 min), washed 2 × with ethanol, and dried in a vacuum overnight. To generate 
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P1A1@MSN-COOH with a specific payload content, MSN-COOH (1 mg/mL) was 

dispersed in 0.1–5.0 mM P1A1 in PBS, and the mixture was incubated with gentle 

agitation for 24 h at room temperature. Drug-loaded nanoparticles were collected by 

centrifugation (13,400 rpm, 5 min), washed 2 × with water and allowed to dry in air 

overnight. 

5.4.2.3. Lipid film preparation and synthesis of MSN-COOH-LIP and P1A1@MSN-

COOH-LIP 

Stock solutions of DPPC, DOTAP, DSPE-mPEG, and Chol were prepared in CDCl3 at 

concentrations of 10 mg/mL. The desired ratios of lipids for LIP10 (75:10:5 wt.%) and 

LIP20 (85:20:5 wt.%) were mixed in a 25 mL round bottom flask and sonicated for 5 min 

to form a clear solution. Rotary evaporation of solvent was used to generate lipid thin 

films, which were dried at room temperature for 6 h and stored at 4 °C until use. Batches 

of MSN-COOH-LIP and P1A1@MSN-COOH-LIP were prepared according to a 

published procedure with minor changes as follows:106 a suspension of 2 mg of MSN-

COOH in 1 mL of PBS solution was transferred to a 25 mL round bottom flask 

containing 5 mg of dry lipid film. After incubation in a water bath at 50 °C for 30 min 

(above the phase transition temperature of DPPC, 41 °C), the sample was sonicated for 

20 min in short 1 min on/1 min off intervals using a thermostatted Fisher Scientific CPX 

Ultrasonic bath. The resulting MSN-COOH-LIP particles were collected by 

centrifugation (13,400 rpm, 5 min) and washed with PBS and centrifuged twice to 

remove excess lipid. P1A1@MSN-COOH-LIP was generated and isolated in the same 

manner from P1A1@MSN-COOH. Both materials were stored in water or PBS solution 

at 4 °C.  
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5.4.3. Characterization 

Transmission Electron Microscopy (TEM) images in bright-field mode were captured on 

an FEI Tecnai 12 BioTWIN transmission electron microscope at an accelerating voltage 

of 80 kV. Scanning Transmission Electron Microscopy (STEM) was performed using a 

probe-corrected FEI Titan at 200 kV acceleration voltage. The probe convergence angle 

was set to 19.6 mrad and the beam current at ~100 pA to mitigate issues of beam-induced 

sample damage. High-angle annular dark field (HAADF) imaging was used to study the 

shape and physical morphology of the specimens, and energy dispersive X-ray 

spectroscopy (EDS) was used to study the chemical composition of the sample. The EDS 

detector consisted of four Si-Li detectors with a total collection angle of 0.9 sr, which is 

significantly larger than traditional X-ray detectors, thereby reducing the acquisition 

times for typical EDS maps to a few minutes. Samples for TEM and STEM analysis were 

dispersed in water and spotted onto formvar/carbon-coated copper grids (Ted Pella Inc.) 

and allowed to air-dry. For lipid-coated MSN samples, uranyl acetate (UA) was used as a 

negative stain to enhance image contrast. FTIR spectra were recorded on a Perkin Elmer 

Spectrum 100 spectrometer equipped with an ATR accessory. TGA traces were recorded 

on a TA SDT Q600 thermogravimetric analyzer in air at a heating rate of 10 °C/min. 

Samples were lyophilized prior to TGA measurements. The ζ-potential and size 

distribution of the nanoparticles were determined on a Malvern zetasizer Nano ZS 90 

analyzer. Small-angle X-ray scattering data were acquired on a Bruker D8 Discover 

diffractometer configured with CuKα radiation, parallel beam optics (Göbel mirror), and 

LynxEye detector with a step size of 0.01° and a speed of 1 s/step. Nitrogen sorption 

isotherms were recorded using a Micromeritics Tristar II surface area and porosimeter 
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analyzer. Samples were thoroughly degassed at 200 °C for at least 6 h. The surface area 

and pore size distribution were calculated using Brunauer-Emmett-Teller (BET) and non-

local density functional theory (NLDFT) methods, respectively. Pore volumes were 

calculated at a relative pressure, P/P0, of 0.9. P1A1 was quantified from UV-vis 

absorbances at λmax = 413 nm recorded on a Synergy BioTek H1 plate reader and 

appropriate calibration curves. 

 

5.4.4. Drug release 

Drug-loaded nanoparticles (1 mg) were suspended in 1 mL of PBS (pH 7.6) or sodium 

acetate buffer (pH 4.6, [chloride] = 5 mM) at 37 °C in a Labnet Accublock digital dry 

bath. At each time point (0.25, 2, 4, 6, 12, 24, 48, 72 h) 100 µL of the colloidal dispersion 

was removed and immediately centrifuged at 13,400 rpm for 5 min. P1A1 in the 

supernatant was quantified from UV-vis absorbances at λmax = 413 nm recorded on a 

Synergy BioTek H1 plate reader using appropriate calibration curves. Measurements 

were performed in quadruplicate on 96-well plates. 

  



113 
 

CHAPTER SIX 
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6. EVALUATION OF OPTIMIZED FORMULATIONS IN 

CANCER CELLS 

 

6.1. Background  

The focus of the work presented in Chapters 2–5 was on designing and fully 

characterizing a MSN-based delivery vehicle tailored to the specific requirements of a 

cytotoxic anticancer drug, P1A1, and to test the fully assembled formulation in buffers 

mimicking physiological conditions. To validate the vehicle as a systemic delivery 

system would require toxicity and efficacy studies in animals. On the other hand, there 

are also fundamental requirements for the mechanism of action of the formulation at the 

cellular level. The experiments in this chapter address the following questions: (i) is the 

nanoformulation able to enter cancer cells, (ii) do the nanoparticles accumulate in 

lysosomal vesicles, (iii) does the material release P1A1, and (iv) does the formulation 

cause cell cycle arrest and apoptosis? To answer these questions, tissue culture 

experiments using the pancreatic cancer cell lines PANC1 and BxPC3 were performed.  

These include cell proliferation and flow cytometry assays, as well as confocal 

fluorescence microscopy using labeled nanoparticles in conjunction with colocalization 

experiments.  
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6.2. Results and Discussion 

6.2.1. Cell proliferation assay 

The proposed mechanism of action of P1A1@MSN-COOH-LIP nanoparticles involves 

(i) endocytosis and accumulation in endosomes, (ii) release of P1A1 in, and escape from, 

the acidic lysosomes, and (iii) diffusion of payload to the nucleus to form cytotoxic DNA 

adducts. To test the functionality of our nanocarrier at the cellular level, we studied the 

effect of the P1A1-loaded materials on cell viability using a colorimetric cell 

proliferation (MTT) assay. PANC1 and BxPC3 were treated for 72 h with varying 

concentrations of P1A1, or equivalent P1A1@MSNLP-COOH-LIP10 and P1A1@MSNLP-

COOH-LIP20 (60 wt.% P1A1), as well as the drug-free material, MSNLP-COOH-LIP10.  

Inspection of the dose-response curves (Figure 48), shows that P1A1 and its two 

nanocarrier formulations inhibited cell proliferation with submicromolar IC50 values in 

the range 0.3–0.8 µM (Table XI). This level of potency is consistent with that observed 

previously for platinum-acridines in PANC1, which proved to be 10–70-fold higher than 

the cytotoxicity levels achieved with cisplatin.175 By contrast, the drug-free carrier itself 

was at least two orders of magnitude (IC50 > 100 µM) less cytotoxic to the cancer cells 

under the same conditions, confirming that the cell kill was entirely caused by the 

payload. These data suggested that nanoparticles must have been internalized and the 

payload released intracellularly.   
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Figure 48. Cell proliferation experiments. (A) PANC1 and (B) BxPC3 pancreatic cancer 

cells were treated with P1A1 [0–200 µM], equivalent P1A1@MSNLP-COOH-LIP10, 

P1A1@MSNLP-COOH-LIP20 (60 wt.% P1A1), or control drug-free carrier material for 

72 h in quadruplicate.  Viability was assessed by MTT assay and dose-response curves 

are shown relative to vehicle treated cells ± SD. 

(A) 

(B) 
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Table XI. Half-Maximal Inhibitory Concentrations (IC50) of MSNs in PANC1 and 
BxPC3 Pancreatic Cancer Cells 

a MTT cell proliferation assay; mean of four experiments. 

 

6.2.2. Flow cytometry of BxPC3 cells  

To gain further insight into the cell kill mechanism of carrier-delivered P1A1, we 

performed flow cytometry analysis with BxPC3 cells treated with P1A1@MSNLP-

COOH-LIP10 (Figure 49). Dosing was done at 4 micromolar-to-submicromolar 

concentrations for 48 h and the effect on cell cycle progression was compared with that 

of MSNLP-COOH-LIP10 and free P1A1. Drug-free carrier MSNLP-COOH-LIP10, even at 

the highest concentration tested, had no effect on the cell cycle distribution of the treated 

cells, which was virtually the same as that observed for control, showing approximately 

70% of the cells in G1 phase.  By contrast, cells treated with P1A1 and P1A1@MSNLP-

COOH-LIP10 show a robust S phase arrest.  The fraction of cells in S phase increases 

with concentration of both free and vehicle-delivered P1A1 while the population of G2 

cells completely disappeared.  For P1A1, cells begin to show a sub-G1 population at the 

highest dose, indicative of cellular debris due to DNA fragmentation as a result of 

(apoptotic) cell death.  Notably, cells treated with P1A1@MSNLP-COOH-LIP10 require 

Sample  Cell line IC50 (µM)a 

MSNLP-COOH-LIP10  PANC1/BxPC3 > 100 
P1A1@MSNLP-COOH-LIP10  PANC1 0.40 
P1A1@MSNLP-COOH-LIP20  PANC1 0.43 
P1A1  PANC1 0.32 
P1A1@MSNLP-COOH-LIP10  BxPC3 0.80 
P1A1@MSNLP-COOH-LIP20  BxPC3 0.67 
P1A1  BxPC3 0.57 
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incubation with a relatively higher concentration than treatment with P1A1 to effect a 

similar maximum level of S phase arrest (> 80% of the cell population).  This observation 

would be consistent with free P1A1 producing a higher effective concentration of active 

drug in cells after 48 h of incubation than the P1A1 slowly released intracellularly form 

the nanocarrier, which is supported by our findings in confocal microscopy experiments 

(see 6.2.3). The results also suggest that free and carrier-delivered P1A1 act by the same 

molecular mechanism at the target level.  Platinum-acridines agents cause cell death by 

forming high levels of monofunctional-intercalative adducts in genomic DNA.176 These 

adducts are an intrinsically more severe form of DNA damage than the cross-links 

formed by DNA, and specialized DNA double-strand repair endonucleases are required 

for their removal.177  Cells treated with platinum-acridines show cell cycle arrest in late 

G1/early S phase as the result of this type of DNA damage, one of the hallmarks of 

cancer cell death caused by these agents.178 
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Figure 49. Results of the flow cytometry analysis and cell cycle distribution.  BxPC3 

cells were treated as above at concentrations ranging from 0–2000 nM.   
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6.2.3. Cellular uptake and time-dependent release of drug in intact cells studied by 

confocal fluorescence microscopy 

To compare the internalization and subcellular trafficking of free P1A1 and P1A1-

containing nanoparticles, we performed a colocalization study using confocal 

fluorescence microscopy.  This was possible by taking advantage of the intrinsic blue 

fluorescence of the 9-aminoacridine chromophore in P1A1 in combination with 

fluorescently labeled nanoparticles, generated by incorporating green-fluorescent 

fluorescein dye (DSPE-PEG5K-FITC) into the lipid bilayer and selective staining of the 

acidic lysosomes with pH-sensitive Lysotracker Red. To detect P1A1 in cells, 

particularly in the nucleus where the fluorescence of DNA-associated acridine 

chromophore is severely quenched,130 it was necessary to treat cells at relatively high 

concentrations (5 µM) of the drug, but only for short periods of time to avoid apoptotic 

cell death. Images of BxPC3 cells treated with P1A1 at 1 h and 12 h of continuous 

incubation are shown in Figure 50A. As expected from previous imaging studies in lung 

cancer cells,176, 177, 179, 180 P1A1 accumulates rapidly (1 h) in cells to produce blue 

fluorescence associated with the cytoplasm, lysosomes, and, to a lesser extent, the nuclear 

region. After 12 h, the highest fluorescence intensity is observed in the lysosomes, which 

have localized to the perinuclear region. We have previously observed this form of 

vesicular transport and subsequent release into the nucleus for platinum-benz[c]acridine 

derivatives.  When cells were incubated with P1A1@MSNLP-COOH-LIP10-FITC for 1 h, 

areas of colocalized blue and green fluorescence are observed on the cell surface, 

indicating association of intact drug-loaded nanoparticles with the cells (Figure 50B). 

Unlike cells treated with P1A1, cells exposed to P1A1-containing nanoparticles under 
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these conditions do not show any detectable intracellular blue fluorescence at this time 

point.  Even after 12 h of treatment, no fluorescence signal could be detected in the 

cytoplasm that would indicate free P1A1, but areas of intense colocalized blue and green 

fluorescence can be observed in regions also staining positive for lysosomes. The 

nanoparticles appear to accumulate in acidic lysosomal vesicles of several microns in 

diameter, which localize to the nuclear envelope. Closer examination of the nuclear 

region reveals that in a major population of cells the nanoparticles appear to have 

penetrated the nuclear envelope to release P1A1 payload into the nucleus, resulting in 

pannuclear blue fluorescence (Figures 50C and 51 and Appendix Figure H).  The 

observations can be summarized as follows: (i) nanocarrier-associated P1A1 enters cells 

and accumulates site-specifically in endosomal vesicles intact; (ii) although it is likely 

that P1A1 is released from the carrier into the lumen of acidic, Lysotracker-stained 

lysosomes, no escape of the payload into the cytosol is observed; (iii) once associated 

with the perinuclear region, the vesicles selectively release, by a yet to be determined 

mechanism, P1A1 into the nucleus.  
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Figure 50. Confocal fluorescence microscopy images (single confocal planes) of BxPC3 

pancreatic cancer cells showing uptake and subcellular distribution of (A) P1A1 and (B) 

P1A1@MSNLP-COOH-LIP10-FITC. Images were captured after incubating cells for 1 h 

or 12 h with each form of the drug at a concentration of 5 µM.  (C)  Colocalization image 

captured after treatment of BxPC3 with P1A1@MSNLP-COOH-LIP10-FITC for 12 h 

(Scale bar: 10 µm). For images from control experiments see Figure I in the Appendix. 

(A) 

(B) 

(C) 

Lysotracker            FITC                   P1A1                Merged         Bright Field             

Lysotracker            P1A1                Merged        Bright Field             

Lysotracker            FITC                   P1A1                Merged         Bright Field             
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Figure 51. P1A1-associated fluorescence emanating from nanoparticles in the 

perinuclear region (arrows) (Scale bar: 5 µm). 

 

6.3. Conclusions 

The carboxylate-modified, lipid bilayer-coated form of the nanoparticles (P1A1@MSN-

COOH-LIP) containing 60 wt.% drug causes efficient S phase arrest and inhibits cell 

proliferation at submicromolar concentrations in pancreatic cancer cells (PANC1 and 

BxPC3) similar to carrier-free P1A1, whereas the carrier material itself was nontoxic. 

These features confirm that P1A1 is released from the material intracellularly and as 

payload acts by the same mechanism at the DNA level known for platinum-acridines. 

The most striking feature observed in confocal microscopy images was that, after 

endocytosis of the nanoformulation, P1A1 did not escape from the acidified lysosomal 
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vesicles containing P1A1@MSN-COOH-LIP into the cytoplasm, but was shuttled to the 

nuclear membrane and released into the nucleus. Thus, in cancer cells the formulation 

performed as designed.  

 

6.4. Experimental Section 

6.4.1. General materials and methods 

Cetyltrimethylammonium bromide (CTAB), 3-(aminopropyl)triethoxy-silane (APTES), 

tetraethylorthosilicate (TEOS), and succinic anhydride were purchased from ACROS.  

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (DSPE-

mPEG) and 1,2-dioleoyl-3-trimethylammoniumpropane (chloride salt) (DOTAP) were 

purchased from Avanti Polar Lipids (Alabaster, AL). 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE)-conjugated and fluorescein-labeled polyethyleneglycol 

(DSPE-PEG5K-FITC) was purchased from Nanocs (New York, NY). All other reagents 

and solvents were purchased from common vendors and used without further purification, 

unless stated otherwise.  

  

6.4.2. Synthesis 

All formulations were generated using batches of MSNLP and MSNLP-COOH synthesized 

in Chapter 5 (see sections 5.4.2.1 and 5.4.2.2).  Lipid encapsulation was also performed 

analogously (5.4.2.3) with the following exception: for particles used in confocal 
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microscopy studies, 50% of the DSPE-mPEG was replaced with fluorescently labeled 

DSPE-PEG5K-FITC. 

 

6.4.3. Cell culture maintenance 

BxPC3 (CRL-1687) and PANC1 (CRL-1469) cells were obtained from 

and authenticated by the American Type Culture Collection (Manassas, VA). BxPC3 

cells were maintained in complete medium consisting of RPMI-1640 (Lonza, Basel, 

Switzerland) supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich, St. Louis, 

MO), 100 IU/mL penicillin (Life Technologies, Carlsbad, CA) and 100 µg/mL 

streptomycin (Life Technologies, Carlsbad, CA). PANC1 cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Basel, Switzerland) 

supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin. All 

cells were used within six months of resuscitation.  

 

6.4.4. Cell proliferation assay 

BxPC3 or PANC1 (5 × 104 cells) were seeded in 96-well tissue culture plates (BD Falcon, 

San Jose, CA) and allowed to attach overnight. Cells were treated as 

indicated for 72 h. Medium was aspirated and replaced with appropriate complete 

medium containing thiazolyl blue tetrazolium bromide (MTT) (0.5 mg/mL) (Sigma 

Aldrich, St. Louis, MO). Plates were incubated at 37 °C in 5% CO2 for 45–75 minutes 

and then the medium was replaced with dimethyl sulfoxide (Fisher Science, Fairlawn, 

NJ). Wells were mixed using a micropipette and absorbance was read at 560 nm and 
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corrected using a reference wavelength of 650 nm using a Molecular Devices (Sunnyvale, 

CA) Emax Precision Microplate Reader. 

 

6.4.5. Flow cytometry 

BxPC3 cells were treated with P1A1@MSNLP-COOH-LIP10, P1A1, or MSNLP-COOH-

LIP10 for 48 h at the indicated concentrations. Cells were gently trypsinized, 

washed in PBS, fixed in ice-cold EtOH:PBS (1:1) at equivalent cell concentrations, and 

stored at −20 °C. Cells were washed with PBS, stained using FxCycle PI/RNase staining 

solution (Molecular Probes, Eugene, OR) and assessed by flow cytometry using an 

Accuri C6 (BD Biosciences, San Jose, CA). Data was analyzed using Modfit software 

v3.3. 

 

6.4.6. Confocal microscopy 

BxPC3 cells were seeded onto chamber slides (Nunc, Rochester, 

NY) and allowed to attach for 48 h. Cells were then treated with 5 µM P1A1, 

P1A1@MSNLP-COOH-LIP10 at an equivalent concentration of drug, or vehicle. The 

medium was aspirated and cells were co-stained by incubating with 75 nM Lysotracker 

Red in complete medium for 1 h. Cells were washed 3 × with PBS and fixed in 4% 

formaldehyde/PBS for 15 min. After another three PBS washes, cover slips were 

mounted onto 4-well chamber slides using VECTASHIELD HardSet mounting medium 

(Vector Labs, Burlingame, CA) and stored at 4 °C until ready to use.  
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Images were collected using a Zeiss LSM 710 confocal microscope (Carl Zeiss 

MicroImaging, Thornwood, NY) using a 63× (PLAN Oil APO, 1.4 NA) objective lens. 

All image channels were acquired in a sequential mode to minimize excitation cross talk 

and emission bleed-through. We utilized a 405 nm laser line (for P1A1) with an emission 

range of 410–475 nm, a 488 nm laser line (for FITC) with an emission range of 494–542 

nm, and a 561 nm laser line (for LysoTracker Red) with an emission range of 572–690 

nm.  For comparative fluorescence intensity analysis, great care was taken to equalize 

excitation power, pinhole settings, PMT gain, and offset values across and within 

imaging sessions for each respective channel. For all images, the pinhole value was kept 

at or below 1.2 airy units, and images were acquired with 2× line averaging at 1832 × 

1832 pixels. Images were collected at 8-bit sampling to provide a wide dynamic intensity 

range for analysis (0–4096).  Zen software was used for image acquisition. Where 

necessary, post-acquisition contrast adjustments were applied to the entire image, and 

processing was identical in all fluorescence channels.  Image panels were assembled and 

annotated in Photoshop CS2 without any additional manipulation. 
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CHAPTER SEVEN 
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7. SUMMARY AND OUTLOOK 

 

In this dissertation, a mesoporous silica nanoparticle (MSN) based material was 

developed as potential drug delivery platform to improve the safety and pharmacological 

properties of a platinum-acridine anticancer drug, P1A1.  

A series of MSNs derived from MCM-41 was synthesized and characterized. A new 

combination of swelling agent and high-boiling co-solvent, n-decane/DMF, was used 

to increase the pore dimensions. By optimizing the ratio of two components, a large pore 

size of 7.2 nm was achieved. The additives also changed the short rod shape into (i) a 

perfectly spherical particle geometry and (ii) the hexagonal honeycomb pore pattern into 

an urchin like morphology. The obtained particles possess large surface areas and pore 

volumes, which can accommodate large amounts of payload in addition to surface 

functional groups. The large-pore material MSNLP was used as starting material for 

further modification. 

Site-selective grafting reactions were used to functionalize the internal and external 

surfaces of the MSNs. In order to improve the bioavailability and colloidal properties of 

the as-synthesized materials, PEGylation was conducted on the external surfaces of these 

particles prior to template removal. The degree of PEGylation can be tuned by adjusting 

initial amount of mPEG-silane. Carboxylic acid surface modification was also conducted 

on inner pore walls of the MSNs in order to improve drug-material interaction. Two step 

grafting and one-pot co-condensation methods were compared. Grafting with a pre-
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assembled silane containing a terminal carboxylic acid group (COOH-silane) proved to 

be better choice than co-condensation reactions using amino-silane (APTES).  

In an effort to optimize these predesigned particles, mPEG-silanes with molecular 

weights ranging from 600 to 20,000 were used for PEGylation of carboxylic acid-

modified MSNs. The monodispersibilities of these particles in biological buffer are 

largely dependent on the chain length of attached polyethylene glycol polymer. The 

hydrodynamic particle size tends to be smaller when these particles were modified with 

longer PEG chains (Mw > 5,000). Unfortunately, an increase in PEG chain length 

decreases the amount of P1A1 that can be loaded onto the material, but longer PEG 

polymers are necessary to achieve appreciable monodispersibility. Because PEG 

compromised the loading capacity and did not promote the desired long-term colloidal 

stability of the MSNs, alternative methods of optimizing the formulation had to be 

pursued.  

Lipid bilayer-coated MSNLP-COOH nanoparticles containing up to 60 wt.% of P1A1 

were fully characterized, and their colloidal properties and payload release/retention 

characteristics were studied in biological media. Addition of the positively charged lipid 

DOTAP promotes high stability of the particles in high ionic strength biological media. 

The lipid bilayer had no effect on drug release in neutral solution, which was minimal. 

Burst-like release of payload was observed under acidic conditions. To evaluate its 

potential use as a drug delivery system, P1A1@MSNLP-COOH-LIP was tested in 

PANC1 and BxPC3 cancer cells.  The intact formulation undergoes endocytosis and 

delivers the cytotoxic payload into lysosomal vesicles, which accumulate around the 

nuclear membrane and release P1A1 into the cell’s nucleus. As a consequence, vehicle-
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delivered P1A1 stalls cell-cycle progression to a similar extent by inhibiting DNA 

synthesis and causing the same high levels of cancer cell death as the carrier-free drug. 

The final, optimized MSN-based materials developed in this study possess the optimal 

robustness and selectivity to act as a delivery vector at the cellular level.  Future studies 

in animals will have to address if the system is also able to improve the pharmacological 

properties and reduce the systemic toxicity of P1A1 by promoting longer circulation and 

passive targeting of cancer tissue in vivo. One potential way of improving the targeting 

properties of the current vehicle would be to decorate the outer surface of the particles 

with targeting moieties, such as cancer-specific peptides or receptor-binding small 

molecules.  

 



132 
 

REFERENCES 

1. Jain, K. K., Delivery Systems - An Overview. In Drug Delivery Systems, Jain, K. K., 

Ed. Humana Press: Totowa, NJ, 2008; pp 1–50. 

2. Danhier, F.; Feron, O.; Préat, V., To exploit the tumor microenvironment: Passive 

and active tumor targeting of nanocarriers for anti-cancer drug delivery. Journal of 

Controlled Release 2010, 148 (2), 135–146. 

3. Bae, Y. H., Drug targeting and tumor heterogeneity. Journal of Controlled Release 

2009, 133 (1), 2–3. 

4. Matsumura, Y.; Maeda, H., A New Concept for Macromolecular Therapeutics in 

Cancer Chemotherapy: Mechanism of Tumoritropic Accumulation of Proteins and 

the Antitumor Agent Smancs. Cancer Research 1986, 46, 6387–6392. 

5. Slingerland, M.; Guchelaar, H.-J.; Gelderblom, H., Liposomal drug formulations in 

cancer therapy:15 years along the road. Drug Discovery Today 2012, 17 (3–4), 

160–166. 

6. Khan, D. R.; Rezler, E. M.; Lauer-Fields, J.; Fields, G. B., Effects of Drug 

Hydrophobicity on Liposomal Stability. Chemical Biology & Drug Design 2008, 71 

(1), 3–7. 

7. Bangham, A. D.; Standish, M. M.; Watkins, J. C., Diffusion of univalent ions across 

the lamellae of swollen phospholipids. Journal of Molecular Biology 1965, 13 (1), 

238–252. 

8. Gregoriadis, G.; Ryman, B. E., Fate of Protein-Containing Liposomes Injected into 

Rats. European Journal of Biochemistry 1972, 24 (3), 485–491. 



133 
 

9. Chang, H.-I.; Yeh, M.-K., Clinical development of liposome based drugs: 

formulation, characterization, and therapeutic efficacy. International Journal of 

Nanomedicine 2012, 7, 49–60. 

10. Swami, A.; Shi, J.; Gadde, S.; Votruba, A. R.; Kolishetti, N.; Farokhzad, O. C., 

Nanoparticles for Targeted and Temporally Controlled Drug Delivery  In 

Multifunctional Nanoparticles for Drug Delivery Applications - Imaging, Targeting, 

and Delivery, Svenson, S.; Prud'homme, R. K., Eds. Springer: New York, NY, 2012; 

pp 9–29. 

11. Nasongkla, N.; Bey, E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J. S.; Chin, S.-F.; 

Sherry, A. D.; Boothman, D. A.; Gao, J., Multifunctional Polymeric Micelles as 

Cancer-Targeted, MRI-Ultrasensitive Drug Delivery Systems. Nano Letters 2006, 6 

(11), 2427–2430. 

12. Larson, N.; Ghandehari, H., Polymeric Conjugates for Drug Delivery. Chemistry of 

Materials 2012, 24 (5), 840–853. 

13. Kumari, A.; Yadav, S. K.; Yadav, S. C., Biodegradable polymeric nanoparticles 

based drug delivery systems. Colloids and Surfaces B: Biointerfaces 2010, 75 (1), 

1–18. 

14. Morgan, M. T.; Nakanishi, Y.; Kroll, D. J.; Griset, A. P.; Carnahan, M. A.; Wathier, 

M.; Oberlies, N. H.; Manikumar, G.; Wani, M. C.; Grinstaff, M. W., Dendrimer-

Encapsulated Camptothecins: Increased Solubility, Cellular Uptake, and Cellular 

Retention Affords Enhanced Anticancer Activity In vitro. Cancer Research 2006, 

66 (24), 11913–11921. 



134 
 

15. Jansen, J. F. G. A.; Meijer, E. W.; De Brabander-van den Berg, E. M. M., The 

Dendritic Box: Shape-Selective Liberation of Encapsulated Guests. Journal of the 

American Chemical Society 1995, 117 (15), 4417–4418. 

16. Kojima, C.; Kono, K.; Maruyama, K.; Takagishi, T., Synthesis of Polyamidoamine 

Dendrimers Having Poly(ethylene glycol) Grafts and Their Ability To Encapsulate 

Anticancer Drugs. Bioconjugate Chemistry 2000, 11 (6), 910–917. 

17. Madani, S. Y.; Naderi, N.; Dissanayake, O.; Tan, A.; Seifalian, A. M., A new era of 

cancer treatment: carbon nanotubes as drug delivery tools. International Journal of 

Nanomedicine 2013, 6, 2963–2979. 

18. Bhattacharya, R.; Mukherjee, P., Biological properties of “naked” metal 

nanoparticles. Advanced Drug Delivery Reviews 2008, 60 (11), 1289–1306. 

19. Lai, C.-Y.; Trewyn, B. G.; Jeftinija, D. M.; Jeftinija, K.; Xu, S.; Jeftinija, S.; Lin, V. 

S.-Y., A Mesoporous Silica Nanosphere-Based Carrier System with Chemically 

Removable CdS Nanoparticle Caps for Stimuli-Responsive Controlled Release of 

Neurotransmitters and Drug Molecules. Journal of the American Chemical Society 

2003, 125 (15), 4451–4459. 

20. Lin, Y.-S.; Tsai, C.-P.; Huang, H.-Y.; Kuo, C.-T. K.; Hung, Y.; Huang, D.-M.; 

Chen, Y.-C.; Mou, C.-Y., Well-Ordered Mesoporous Silica Nanoparticles as Cell 

Markers. Chemistry of Materials 2005, 17 (18), 4570–4573. 

21. Antimisiaris, S. G.; Kallinteri, P.; Fatouros, D. G., Liposomes and Drug Delivery. 

In Pharmaceutical Manufacturing Handbook: Production and Processes, Gad, S. 

C., Ed. John Wiley & Sons, Inc.: Hoboken, NJ, 2008; pp 443–533. 



135 
 

22. Gabizon, A.; Catane, R.; Uziely, B.; Kaufman, B.; Safra, T.; Cohen, R.; Martin, F.; 

Huang, A.; Barenholz, Y., Prolonged Circulation Time and Enhanced 

Accumulation in Malignant Exudates of Doxorubicin Encapsulated in 

Polyethylene-glycol Coated Liposomes. Cancer Research 1994, 54 (4), 987–992. 

23. White, S. C.; Lorigan, P.; Margison, G. P.; Margison, J. M.; Martin, F.; Thatcher, 

N.; Anderson, H.; Ranson, M., Phase II study of SPI-77 (sterically stabilised 

liposomal cisplatin) in advanced non-small-cell lung cancer. British Journal of 

Cancer 2006, 95 (7), 822–828. 

24. de Jonge, M. J. A.; Slingerland, M.; Loos, W. J.; Wiemer, E. A. C.; Burger, H.; 

Mathijssen, R. H. J.; Kroep, J. R.; den Hollander, M. A. G.; van der Biessen, D.; 

Lam, M.-H.; Verweij, J.; Gelderblom, H., Early cessation of the clinical 

development of LiPlaCis, a liposomal cisplatin formulation. European Journal of 

Cancer 2010, 46 (16), 3016–3021. 

25. Stathopoulos, G. P.; Antoniou, D.; Dimitroulis, J.; Stathopoulos, J.; Marosis, K.; 

Michalopoulou, P., Comparison of liposomal cisplatin versus cisplatin in non-

squamous cel. Cancer Chemotherapy and Pharmacology 2011, 68 (4), 945–950. 

26. Bhattarai, N.; Gunn, J.; Zhang , M., Chitosan-based hydrogels for controlled, 

localized drug delivery. Advanced Drug Delivery Reviews 2010, 62 (1), 83–99. 

27. Elzoghby, A. O., Gelatin-based nanoparticles as drug and gene delivery systems: 

Reviewing three decades of research. Journal of Controlled Release 2013, 172 (3), 

1075–1091. 



136 
 

28. Makadia, H. K.; Siegel, S. J., Poly Lactic-co-Glycolic Acid (PLGA) as 

Biodegradable Controlled Drug Delivery Carrier. Polymers (Basel) 2011, 3 (3), 

1377–1397. 

29. Lassalle, V.; Ferreira, M. L., PLA Nano- and Microparticles for Drug Delivery: An 

Overview of the Methods of Preparation. Macromolecular Bioscience 2007, 7 (6), 

767–783. 

30. Coombes, A. G. A.; Rizzi, S. C.; Williamson, M.; Barralet, J. E.; Downes, S.; 

Wallace, W. A.; . Precipitation casting of polycaprolactone for applications in tissue 

engineering and drug delivery. Biomaterials 2004, 25 (2), 315–325. 

31. Esfand, R.; Tomalia, D. A., Poly(amidoamine) (PAMAM) dendrimers: from 

biomimicry to drug delivery and biomedical applications. Drug Discovery Today 

2001, 6 (8), 427–436. 

32. Iijima, S., Helical microtubules of graphitic carbon. Nature 1991, 354 (6348), 56–

58. 

33. Mitróová, Z.; Tomašovičová, N.; Timko, M.; Koneracká, M.; Kováč, J.; Jadzyn, J.; 

Vávra, I.; Éber, N.; Tóth-Katona, T.; Beaugnon, E.; Chaud, X.; Kopčanský, P., The 

sensitivity of liquid crystal doped with functionalized carbon nanotubes to external 

magnetic fields. New Journal of Chemistry 2011, 35 (6), 1260–1264. 

34. Eldridge, B. N.; Bernish, B. W.; Fahrenholtz, C. D.; Singh, R., Photothermal 

Therapy of Glioblastoma Multiforme Using Multiwalled Carbon Nanotubes 

Optimized for Diffusion in Extracellular Space. ACS Biomaterials Science & 

Engineering 2016, 2 (6), 963–976. 



137 
 

35. Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M., Gold nanoparticles in 

delivery applications. Advanced Drug Delivery Reviews 2008, 60 (11), 1307–1315. 

36. Chertok, B.; Moffat, B. A.; David, A. E.; Yu, F.; Bergemann, C.; Ross, B. D.; Yang, 

V. C., Iron oxide nanoparticles as a drug delivery vehicle for MRI monitored 

magnetic targeting of brain tumors. Biomaterials 2008, 29 (4), 487–496. 

37. Alkilany, A. M.; Murphy, C. J., Toxicity and cellular uptake of gold nanoparticles: 

what we have learned so far? Journal of Nanoparticle Research 2010, 12 (7), 2313–

2333. 

38. Dreaden, E. C.; Austin, L. A.; Mackey, M. A.; El-Sayed, M. A., Size matters: gold 

nanoparticles in targeted cancer drug delivery. Therapeutic delivery 2012, 3 (4), 

457–478. 

39. McBain, S. C.; Yiu, H. H.; Dobson, J., Magnetic nanoparticles for gene and drug 

delivery. International Journal of Nanomedicine 2008, 3 (2), 169–180. 

40. Tabaković, A.; Kester, M.; Adair, J. H., Calcium phosphate-based composite 

nanoparticles in bioimaging and therapeutic delivery applications. Wiley 

Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology 2011, 4 (1), 96–

112. 

41. Everett, D. H., Manual of Symbols and Terminology for Physicochemical 

Quantities and Units, Appendix II: Definitions, Terminology and Symbols in 

Colloid and Surface Chemistry. Pure and Applied Chemistry 1972, 31 (4), 577–638. 

42. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S., Ordered 

mesoporous molecular sieves synthesized by a liquid-crystal template mechanism. 

Nature 1992, 359 (6397), 710–712. 



138 
 

43. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C. Composition of 

synthetic porous crystalline material, its synthesis. 1992. 

44. Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. 

D.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W., A new family of mesoporous 

molecular sieves prepared with liquid crystal templates. Journal of the American 

Chemical Society 1992, 114 (27), 10834–10843. 

45. Chen, C.-Y.; Burkett, S. L.; Li, H.-X.; Davis, M. E., Studies on mesoporous 

materials II. Synthesis mechanism of MCM-41. Microporous Materials 1993, 2 (1), 

27–34. 

46. Monnier, A.; Schüth, F.; Huo, Q.; Kumar, D.; Margolese, D.; Maxwell, R. S.; 

Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouzi, A.; Janicke, M.; Chmelka, B. 

F., Cooperative Formation of Inorganic-Organic Interfaces in the Synthesis of 

Silicate Mesostructures. Science 1993, 261 (5126), 1299–1303. 

47. Steel, A.; Carr, S. W.; Anderson, M. W., 14N NMR study of surfactant mesophases 

in the synthesis of mesoporous silicates. Journal of the Chemical Society, Chemical 

Communications 1994,  (13), 1571–1572. 

48. Inagaki, S.; Fukushima, Y.; Kuroda, K., Synthesis and characterization of highly 

ordered mesoporous material; FSM-16, from a layered polysilicate. Studies in 

Surface Science and Catalysis 1994, 84, 125–132. 

49. Tanev, P. T.; Pinnavaia, T. J., A Neutral Templating Route to Mesoporous 

Molecular Sieves. Science 1995, 267 (5199), 865–867. 



139 
 

50. Firouzi, A.; Kumar, D.; Bull, L. M.; Besier, T.; Sieger, P.; Huo, Q.; Walker, S. A.; 

Zasadzinski, J. A.; Glinka, C.; Nicol, J., Cooperative organization of inorganic-

surfactant and biomimetic assemblies. Science 1995, 267 (5201), 1138–1143. 

51. Firouzi, A.; Atef, F.; Oertli, A. G.; Stucky, G. D.; Chmelka, B. F., Alkaline 

Lyotropic Silicate-Surfactant Liquid Crystals. Journal of the American Chemical 

Society 1997, 119 (15), 3596–3610. 

52. Huo, Q.; Margolese, D. I.; Stucky, G. D., Surfactant Control of Phases in the 

Synthesis of Mesoporous Silica-Based Materials. Chemistry of Materials 1996, 8 

(5), 1147–1160. 

53. Inagaki, S.; Fukushima, Y.; Kuroda, K., Synthesis of highly ordered mesoporous 

materials from a layered polysilicate. Journal of the Chemical Society, Chemical 

Communications 1993,  (8), 680–682. 

54. Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger, P.; Leon, R.; 

Petroff, P. M.; Schüth, F.; Stucky, G. D., Generalized synthesis of periodic 

surfactant/inorganic composite materials. Nature 1994, 368 (6469), 317–321. 

55. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka, B. F.; 

Stucky, G. D., Triblock Copolymer Syntheses of Mesoporous Silica with Periodic 

50 to 300 Angstrom Pores. Science 1998, 279 (5350), 548–552. 

56. Bagshaw, S. A.; Prouzet, E.; Pinnavaia, T. J., Templating of mesoporous molecular 

sieves by nonionic polyethylene oxide surfactants. Science 1995, 269 (5228), 1242–

1244. 



140 
 

57. Ryoo, R.; Kim, J. M.; Ko, C. H.; Shin, C. H., Disordered Molecular Sieve with 

Branched Mesoporous Channel Network. The Journal of Physical Chemistry 1996, 

100 (45), 17718–17721. 

58. Ryoo, R.; Joo, S. H.; Jun, S., Synthesis of Highly Ordered Carbon Molecular Sieves 

via Template-Mediated Structural Transformation. The Journal of Physical 

Chemistry B 1999, 103 (37), 7743–7746. 

59. Di Renzo, F.; Cambon, H.; Dutartre, R., A 28-year-old synthesis of micelle-

templated mesoporous silica. Microporous Materials 1997, 10 (4–6), 283–286. 

60. Chiola, V.; Ritsko, J. E.; Vanderpool, C. D. Process for producing low-bulk density 

silica. 1971. 

61. Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, C., The Preparation of 

Alkyltriinethylaininonium-Kaneinite Complexes and Their Conversion to 

Microporous Materials. Bulletin of the Chemical Society of Japan 1990, 63 (4), 

988–992. 

62. Che, S.; Liu, Z.; Ohsuna, T.; Sakamoto, K.; Terasaki, O.; Tatsumi, T., Synthesis 

and characterization of chiral mesoporous silica. Nature 2004, 429 (6989), 281–284. 

63. Koh, C. A.; Nooney, R.; Tahir, S., Characterisation and catalytic properties of 

MCM-41 and Pd/MCM-41 materials. Catalysis Letters 1997, 47 (3–4), 199–203. 

64. Kurganov, A.; Unger, K.; Issaeva, T., Packings of an unidimensional regular pore 

structure as model packings in size-exclusion and inverse size-exclusion 

chromatography. Journal of Chromatography A 1996, 753 (2), 177–190. 

65. Juang, L.-C.; Wang, C.-C.; Lee, C.-K., Adsorption of basic dyes onto MCM-41. 

Chemosphere 2006, 64 (11), 1920–1928. 



141 
 

66. Luan, Z.; Cheng, C.-F.; Zhou, W.; Klinowski, J., Mesopore Molecular Sieve MCM-

41 Containing Framework Aluminum. The Journal of Physical Chemistry 1995, 99 

(3), 1018–1024. 

67. Kim, J. M.; Kwak, J. H.; Jun, S.; Ryoo, R., Ion Exchange and Thermal Stability of 

MCM-41. The Journal of Physical Chemistry 1995, 99 (45), 16742–16747. 

68. Peng, Z.; Shi, Z.; Liu, M., Mesoporous Sn-TiO2 composite electrodes for lithium 

batteries. Chemical Communications 2000,  (21), 2125–2126. 

69. Descalzo, A. B.; Jimenez, D.; Marcos, M. D.; Martínez-Máñez, R.; Soto, J.; El 

Haskouri, J.; Guillém, C.; Beltrán, D.; Amorós, P.; Borrachero, M. V., A New 

Approach to Chemosensors for Anions Using MCM-41 Grafted with Amino 

Groups. Advanced Materials 2002, 14 (13–14), 966–969. 

70. Díaz, J. F.; Balkus, K. J. J., Enzyme immobilization in MCM-41 molecular sieve. 

Journal of Molecular Catalysis B: Enzymatic 1996, 2 (2–3), 115–126. 

71. Vallet-Regi, M.; Rámila, A.; del Real, R. P.; Pérez-Pariente; J., A New Property of 

MCM-41:  Drug Delivery System. Chemistry of Materials 2001, 13 (2), 308–311. 

72. Tourné-Péteilh, C.; Charnay, C.; Nicole, L.; Bégu, S.; Devoisselle, J.-M., The 

Potential of Ordered Mesoporous Silica for the Storage of Drugs: The Example of a 

Pentapeptide Encapsulated in a MSU-Tween 80. ChemPhysChem 2003, 4 (3), 281–

286. 

73. Horcajada, P.; Rámila, A.; Pérez-Pariente, J.; Vallet-Regı́, M., Influence of pore 

size of MCM-41 matrices on drug delivery rate. Microporous and Mesoporous 

Materials 2004, 68 (1–3), 105–109. 



142 
 

74. Doadrio, A. L.; Sousa, E. M. B.; Doadrio, J. C.; Pariente, J. P.; Izquierdo-Barba, I.; 

Vallet-Regı́, M., Mesoporous SBA-15 HPLC evaluation for controlled gentamicin 

drug delivery. Journal of Controlled Release 2004, 97 (1), 125–132. 

75. Tozuka, Y.; Wongmekiat, A.; Kimura, K.; Moribe, K.; Yamamura, S.; Yamamoto, 

K., Effect of Pore Size of FSM-16 on the Entrapment of Flurbiprofen in 

Mesoporous Structures. Chemical and Pharmaceutical Bulletin 2005, 53 (8), 974–

977. 

76. Heikkilä, T.; Salonen, J.; Tuura, J.; Hamdy, M. S.; Mul, G.; Kumar, N.; Salmi, T.; 

Murzin, D. Y.; Laitinen, L.; Kaukonen, A. M.; Hirvonen, J.; Lehto, V.-P., 

Mesoporous silica material TUD-1 as a drug delivery system. International Journal 

of Pharmaceutics 2007, 331 (1), 133–138. 

77. Nandiyanto, A. B. D.; Kim, S.-G.; Iskandar, F.; Okuyama , K., Synthesis of 

spherical mesoporous silica nanoparticles with nanometer-size controllable pores 

and outer diameters. Microporous and Mesoporous Materials 2009, 120 (3), 447–

453. 

78. Vallet-Regí, M.; Balas, F.; Arcos, D., Mesoporous Materials for Drug Delivery. 

Angewandte Chemie International Edition 2007, 46 (40), 7548–7558. 

79. Hata, H.; Saeki, S.; Kimura, T.; Sugahara, Y.; Kuroda, K., Adsorption of Taxol into 

Ordered Mesoporous Silicas with Various Pore Diameters. Chemistry of Materials 

1999, 11 (4), 1110–1119. 

80. Trewyn, B. G.; Slowing, I. I.; Giri, S.; Chen, H.-T.; Lin, V. S.-Y., Synthesis and 

Functionalization of a Mesoporous Silica Nanoparticle Based on the Sol-Gel 



143 
 

Process and Applications in Controlled Release. Accounts of Chemical Research 

2007, 40 (9), 846–853. 

81. Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M., Silica-Based Mesoporous 

Organic-Inorganic Hybrid Materials. Angewandte Chemie International Edition 

2006, 45 (20), 3216–3251. 

82. Mal, N. K.; Fujiwara, M.; Tanaka, Y., Photocontrolled reversible release of guest 

molecules from coumarin-modified mesoporous silica. Nature 2003, 421 (6921), 

350–353. 

83. Burkett, S. L.; Sims, S. D.; Mann, S., Synthesis of hybrid inorganic-organic 

mesoporous silica by co-condensation of siloxane and organosiloxane precursors. 

Chemical Communications 1996,  (11), 1367–1368. 

84. Owens, D. E.; Peppas, N. A., Opsonization, biodistribution, and pharmacokinetics 

of polymeric nanoparticles. International Journal of Pharmaceutics 2006, 307 (1), 

93–102. 

85. Mitragotri, S.; Lahann, J., Materials for Drug Delivery: Innovative Solutions to 

Address Complex Biological Hurdles. Advanced Materials 2012, 24 (28), 3717–

3723. 

86. Vallet-Regí, M., Mesoporous Silica Nanoparticles: Their Projection in 

Nanomedicine. Materials Science 2012, 2012, Article ID 608548. 

87. Tao, Z.; Xie, Y.; Goodisman, J.; Asefa, T., Isomer-Dependent Adsorption and 

Release of Cis- and Trans-platin Anticancer Drugs by Mesoporous Silica 

Nanoparticles. Langmuir 2010, 26 (11), 8914–8924. 



144 
 

88. Tao, Z.; Toms, B.; Goodisman, J.; Asefa, T., Mesoporous Silica Microparticles 

Enhance the Cytotoxicity of Anticancer Platinum Drugs. ACS Nano 2010, 4 (2), 

789–794. 

89. Fang, Y.; Zheng, G.; Yang, J.; Tang, H.; Zhang, Y.; Kong, B.; Lv, Y.; Xu, C.; Asiri, 

A. M.; Zi, J.; Zhang, F.; Zhao, D., Dual-Pore Mesoporous Carbon@Silica 

Composite Core-Shell Nanospheres for Multidrug Delivery. Angewandte Chemie 

2014, 126 (21), 5470–5474. 

90. Vathyam, R.; Wondimu, E.; Das, S.; Zhang, C.; Hayes, S.; Tao, Z.; Asefa, T., 

Improving the Adsorption and Release Capacity of Organic-Functionalized 

Mesoporous Materials to Drug Molecules with Temperature and Synthetic Methods. 

The Journal of Physical Chemistry C 2011, 115 (27), 13135–13150. 

91. Wan, X.; Zhang, G.; Liu, S., pH-Disintegrable Polyelectrolyte Multilayer-Coated 

Mesoporous Silica Nanoparticles Exhibiting Triggered Co-Release of Cisplatin and 

Model Drug Molecules. Macromolecular Rapid Communications 2011, 32 (14), 

1082–1089. 

92. Lin, Y.-S.; Abadeer, N.; Hurley, K. R.; Haynes, C. L., Ultrastable, Redispersible, 

Small, and Highly Organomodified Mesoporous Silica Nanotherapeutics. Journal 

of the American Chemical Society 2011, 133 (50), 20444–20457. 

93. Pasqua, L.; Testa, F.; Aiello, R.; Cundari, S.; Nagy, J. B., Preparation of 

bifunctional hybrid mesoporous silica potentially useful for drug targeting. 2007, 

103 (1–3), 166–173. 

94. Morelli, C.; Maris, P.; Sisci, D.; Perrotta, E.; Brunelli, E.; Perrotta, I.; Panno, M. L.; 

Tagarelli, A.; Versace, C.; Casula, M. F.; Testa, F.; Andò, S.; Nagy, J. B.; Pasqua, 



145 
 

L., PEG-templated mesoporous silica nanoparticles exclusively target cancer cells. 

Nanoscale 2011, 3 (8), 3198–3207. 

95. Gu, J.; Su, S.; Li, Y.; He, Q.; Zhong, J.; Shi, J., Surface Modification-Complexation 

Strategy for Cisplatin Loading in Mesoporous Nanoparticles. The Journal of 

Physical Chemistry Letters 2010, 1 (24), 3446–3450. 

96. Gu, J.; Liu, J.; Li, Y.; Zhao, W.; Shi, J., One-Pot Synthesis of Mesoporous Silica 

Nanocarriers with Tunable Particle Sizes and Pendent Carboxylic Groups for 

Cisplatin Delivery. Langmuir 2012, 29 (1), 403–410. 

97. Palanikumar, L.; Choi, E. S.; Cheon, J. Y.; Joo, S. H.; Ryu, J. H., Noncovalent 

Polymer-Gatekeeper in Mesoporous Silica Nanoparticles as a Targeted Drug 

Delivery Platform. Advanced Functional Materials 2014, 25 (6), 957–965. 

98. Ramishetti, S.; Huang, L., Intelligent design of multifunctional lipid-coated 

nanoparticle platforms for cancer therapy. Therapeutic Delivery 2012, 3 (12), 1429–

1445. 

99. Liu, J.; Jiang, X.; Ashley, C.; Brinker, C. J., Electrostatically Mediated Liposome 

Fusion and Lipid Exchange with a Nanoparticle-Supported Bilayer for Control of 

Surface Charge, Drug Containment, and Delivery. Journal of the American 

Chemical Society 2009, 131 (22), 7567–7569. 

100. Lin, C.-H.; Cheng, S.-H.; Liao, W.-N.; Wei, P.-R.; Sung, P.-J.; Weng, C.-F.; Lee, 

C.-H., Mesoporous silica nanoparticles for the improved anticancer efficacy of cis-

platin. International Journal of Pharmaceutics 2012, 429 (1–2), 138–147. 

101. Meng, H.; Xue, M.; Xia, T.; Zhao, Y.-L.; Tamanoi, F.; Stoddart, J. F.; Zink, J. I.; 

Nel, A. E., Autonomous in Vitro Anticancer Drug Release from Mesoporous Silica 



146 
 

Nanoparticles by pH-Sensitive Nanovalves. Journal of the American Chemical 

Society 2010, 132 (36), 12690–12697. 

102. Ahn, B.; Park, J.; Singha, K.; Park, H.; Kim, W. J., Mesoporous silica nanoparticle-

based cisplatin prodrug delivery and anticancer effect under reductive cellular 

environment. Journal of Materials Chemistry B 2013, 1 (22), 2829–2836. 

103. van Rijt, S. H.; Bölükbas, D. A.; Argyo, C.; Datz, S.; Lindner, M.; Eickelberg, O.; 

Königshoff, M.; Bein, T.; Meiners, S., Protease-Mediated Release of 

Chemotherapeutics from Mesoporous Silica Nanoparticles to ex Vivo Human and 

Mouse Lung Tumors. ACS Nano 2015, 9 (3), 2377–2389. 

104. Taratula, O.; Garbuzenko, O. B.; Chen, A. M.; Minko, T., Innovative strategy for 

treatment of lung cancer: targeted nanotechnology-based inhalation co-delivery of 

anticancer drugs and siRNA. Journal of Drug Targeting 2011, 19 (10), 900–914. 

105. Meng, H.; Mai, W. X.; Zhang, H.; Xue, M.; Xia, T.; Lin, S.; Wang, X.; Zhao, Y.; Ji, 

Z.; Zink, J. I.; Nel, A. E., Codelivery of an Optimal Drug/siRNA Combination 

Using Mesoporous Silica Nanoparticles To Overcome Drug Resistance in Breast 

Cancer in Vitro and in Vivo. ACS Nano 2013, 7 (2), 994–1005. 

106. Meng, H.; Wang, M.; Liu, H.; Liu, X.; Situ, A.; Wu, B.; Ji, Z.; Chang, C. H.; Nel, A. 

E., Use of a Lipid-Coated Mesoporous Silica Nanoparticle Platform for Synergistic 

Gemcitabine and Paclitaxel Delivery to Human Pancreatic Cancer in Mice. ACS 

Nano 2015, 9 (4), 3540–3557. 

107. Ashley, C. E.; Carnes, E. C.; Phillips, G. K.; Padilla, D.; Durfee, P. N.; Brown, P. 

A.; Hanna, T. N.; Liu, J.; Phillips, B.; Carter, M. B.; Carroll, N. J.; Jiang, X.; 

Dunphy, D. R.; Willman, C. L.; Petsev, D. N.; Evans, D. G.; Parikh, A. N.; 



147 
 

Chackerian, B.; Wharton, W.; Peabody, D. S.; Brinker, C. J., The targeted delivery 

of multicomponent cargos to cancer cells by nanoporous particle-supported lipid 

bilayers. Nature Materials 2011, 10, 389–397. 

108. Souza, K. C.; Ardisson, J. D.; Sousa, E. M. B., Study of mesoporous 

silica/magnetite systems in drug controlled releas. Journal of Materials Science: 

Materials in Medicine 2009, 20 (2), 507–512. 

109. Mohapatra, S.; Rout, S. R.; Narayan, R.; Maiti, T. K., Multifunctional mesoporous 

hollow silica nanocapsules for targeted co-delivery of cisplatin-pemetrexed and MR 

imaging. Dalton Transactions 2014, 43 (42), 15841–15850. 

110. Luo, G. F.; Chen, W. H.; Lei, Q.; Qiu, W. X.; Liu, Y. X.; Cheng, Y. J.; Zhang, X. Z., 

A Triple-Collaborative Strategy for High-Performance Tumor Therapy by 

Multifunctional Mesoporous Silica-Coated Gold Nanorods. Advanced Functional 

Materials 2016, 26 (24), 4339–4350. 

111. Kim, J.; Kim, H. S.; Lee, N.; Kim, T.; Kim, H.; Yu, T.; Song, I. C.; Moon, W. K.; 

Hyeon, T., Multifunctional Uniform Nanoparticles Composed of a Magnetite 

Nanocrystal Core and a Mesoporous Silica Shell for Magnetic Resonance and 

Fluorescence Imaging and for Drug Delivery. Angewandte Chemie 2008, 120 (44), 

8566–8569. 

112. Chen, Y.; Chen, H.; Zhang, S.; Chen, F.; Zhang, L.; Zhang, J.; Zhu, M.; Wu, H.; 

Guo, L.; Feng, J.; Shi, J., Multifunctional Mesoporous Nanoellipsoids for 

Biological Bimodal Imaging and Magnetically Targeted Delivery of Anticancer 

Drugs. Advanced Functional Materials 2010, 21 (2), 270–278. 



148 
 

113. Chen, F.; Hong, H.; Zhang, Y.; Valdovinos, H. F.; Shi, S.; Kwon, G. S.; Theuer, C. 

P.; Barnhart, T. E.; Cai, W., In Vivo Tumor Targeting and Image-Guided Drug 

Delivery with Antibody-Conjugated, Radiolabeled Mesoporous Silica 

Nanoparticles. ACS Nano 2013, 7 (10), 9027–9039. 

114. Zhang, W.; Shen, J.; Su, H.; Mu, G.; Sun, J.-H.; Tan, C.-P.; Liang, X.-J.; Ji, L.-N.; 

Mao, Z.-W., Co-Delivery of Cisplatin Prodrug and Chlorin e6 by Mesoporous 

Silica Nanoparticles for Chemo-Photodynamic Combination Therapy to Combat 

Drug Resistance. ACS Applied Materials & Interfaces 2016, 8 (21), 13332–13340. 

115. Zhang, M.; Liu, J.; Kuang, Y.; Li, Q.; Chen, H.; Ye, H.; Guo, L.; Xu, Y.; Chen, X.; 

Li, C.; Jiang, B., “Stealthy” chitosan/mesoporous silica nanoparticle based complex 

system for tumor-triggered intracellular drug release. Journal of Materials 

Chemistry B 2016, 4 (19), 3387–3397. 

116. Lu, S.; Tu, D.; Li, X.; Li, R.; Chen, X., A facile “ship-in-a-bottle” approach to 

construct nanorattles based on upconverting lanthanide-doped fluorides. Nano 

Research 2016, 9 (1), 187–197. 

117. Fan, Z.; Li, D.; Yu, X.; Zhang, Y.; Cai, Y.; Jin, J.; Yu, J., AIE Luminogen-

Functionalized Hollow Mesoporous Silica Nanospheres for Drug Delivery and Cell 

Imaging. Chemistry - A European Journal 2016, 22 (11), 3681–3685. 

118. Prasad, R.; Aiyer, S.; Chauhan, D. S.; Srivastava, R.; Selvaraj, K., Bioresponsive 

carbon nano-gated multifunctional mesoporous silica for cancer theranostics. 

Nanoscale 2015, 8 (8), 4537–4546. 

119. Liu, X.; Situ, A.; Kang, Y.; Villabroza, K. R.; Liao, Y.; Chang, C. H.; Donahue, T.; 

Nel, A. E.; Meng, H., Irinotecan Delivery by Lipid-Coated Mesoporous Silica 



149 
 

Nanoparticles Shows Improved Efficacy and Safety over Liposomes for Pancreatic 

Cancer. ACS Nano 2016, 10 (2), 2702–2715. 

120. Zeiderman, M. R.; Morgan, D. E.; Christein, J. D.; Grizzle, W. E.; McMasters, K. 

M.; McNally, L. R., Acidic pH-Targeted Chitosan-Capped Mesoporous Silica 

Coated Gold Nanorods Facilitate Detection of Pancreatic Tumors via Multispectral 

Optoacoustic Tomography. ACS Biomaterials Science & Engineering 2016, 2 (7), 

1108–1120. 

121. Fu, Q.; Hargrove, D.; Lu, X., Improving paclitaxel pharmacokinetics by using 

tumor-specific mesoporous silica nanoparticles with intraperitoneal delivery - 

Nanomedicine: Nanotechnology, Biology and Medicine. Nanomedicine : 

nanotechnology, biology, and medicine 2016, 12 (7), 1951–1959. 

122. Ayad, M. M.; Salahuddin, N. A.; El-Nasr, A. A.; Torad, N. L., Amine-

functionalized mesoporous silica KIT-6 as a controlled release drug delivery carrier. 

Microporous and Mesoporous Materials 2016, 229, 166–177. 

123. Rosenberg, B.; Van Camp, L.; Krigas, T., Inhibition of Cell Division in Escherichia 

coli by Electrolysis Products from a Platinum ElectrodeInhibition of Cell Division 

in Escherichia coli by Electrolysis Products from a Platinum Electrode. Nature 

1965, 205 (4972), 698–699. 

124. Rosenberg, B.; Van Camp, L.; Grimley, E. B.; Thomson, A. J., The Inhibition of 

Growth or Cell Division in Escherichia coli by Different Ionic Species of 

Platinum(IV) Complexes. The Journal of Biological Chemistry 1967, 242 (6), 

1347–1352. 



150 
 

125. Rosenberg, B.; Vancamp, L.; Trosko, J. E.; Mansour, V. H., Platinum Compounds: 

a New Class of Potent Antitumour Agents. Nature 1969, 222 (5191), 385–386. 

126. Rosenberg, B.; VanCamp, L.; Krigas, T. Anti-animal tumor method. 1979. 

127. Lippard, S. J.; Berg, J. M., Choice, Uptake, and Assembly of Metal Containing 

Units in Biology. In Principles of Bioinorganic Chemistry, University Science 

Books: Mill Valley, CA, 1994; pp 103–137. 

128. Kostova, I., Platinum complexes as anticancer agents. Recent Patents on Anti-

Cancer Drug Discovery 2006, 1 (1), 1–22. 

129. Suryadi, J.; Bierbach, U., DNA Metalating-Intercalating Hybrid Agents for the 

Treatment of Chemoresistant Cancers. Chemistry - A European Journal 2012, 18 

(41), 12926–12934. 

130. Ding, S.; Qiao, X.; Kucera, G. L.; Bierbach, U., Using a Build-and-Click Approach 

for Producing Structural and Functional Diversity in DNA-Targeted Hybrid 

Anticancer Agents. Journal of Medicinal Chemistry 2012, 55 (22), 10198–10203. 

131. Piao, Y.; Burns, A.; Kim, J.; Wiesner, U.; Hyeon, T., Designed Fabrication of 

Silica-Based Nanostructured Particle Systems for Nanomedicine Applications. 

Advanced Functional Materials 2008, 18 (23), 3745–3758. 

132. Barbé, C.; Bartlett, J.; Kong, L.; Finnie, K.; Lin, H. Q.; Larkin, M.; Calleja, S.; 

Bush, A.; Calleja, G., Silica Particles: A Novel Drug-Delivery System. Advanced 

Materials 2004, 16 (21), 1959–1966. 

133. Ow, H.; Larson, D. R.; Srivastava, M.; Baird, B. A.; Webb, W. W.; Wiesner , U., 

Bright and Stable Core-Shell Fluorescent Silica Nanoparticles. Nano Letters 2005, 

5 (1), 113–117. 



151 
 

134. Choi, J.; Burns, A. A.; Williams, R. M.; Zhou, Z.; Flesken-Nikitin, A.; Zipfel, W. 

R.; Wiesner, U.; Nikitin, A. Y., Core-shell silica nanoparticles as fluorescent labels 

for nanomedicine. Journal of Biomedical Optics 2007, 12 (6), 064007–064007-11. 

135. Burns, A. A.; Vider, J.; Ow, H.; Herz, E.; Penate-Medina, O.; Baumgart, M.; 

Larson, S. M.; Wiesner, U.; Bradbury, M., Fluorescent Silica Nanoparticles with 

Efficient Urinary Excretion for Nanomedicine. Nano Letters 2009, 9 (1), 442–448. 

136. Tang, F.; Li, L.; Chen, D., Mesoporous Silica Nanoparticles: Synthesis, 

Biocompatibility and Drug Delivery. Advanced Materials 2012, 24 (12), 1504–

1534. 

137. Ma, Z.; Choudhury, J. R.; Wright, M. W.; Day, C. S.; Saluta, G.; Kucera, G. L.; 

Bierbach, U., A Non-Cross-Linking Platinum-Acridine Agent with Potent Activity 

in Non-Small-Cell Lung Cancer. Journal of Medicinal Chemistry 2008, 51 (23), 

7574–7580. 

138. Kruk, M.; Jaroniec, M.; Sakamoto, Y.; Terasaki, O.; Ryoo, R.; Ko, C. H., 

Determination of Pore Size and Pore Wall Structure of MCM-41 by Using Nitrogen 

Adsorption, Transmission Electron Microscopy, and X-ray Diffraction. The Journal 

of Physical Chemistry B 1999, 104 (2), 292–301. 

139. Cheng, C.-F.; Zhou, W.; Klinowski, J., Directing the pore dimensions in the 

mesoporous molecular sieve MCM-41. Chemical Physics Letters 1996, 263 (1–2), 

247–252. 

140. Ulagappan, N.; Rao, C. N. R., Evidence for supramolecular organization of alkane 

and surfactant molecules in the process of forming mesoporous silica. Chemical 

Communications 1996,  (24), 2759–2760. 



152 
 

141. Kao, K.-C.; Mou, C.-Y., Pore-expanded mesoporous silica nanoparticles with 

alkanes/ethanol as pore expanding agent. Microporous and Mesoporous Materials 

2013, 169, 7–15. 

142. Stöber, W.; Fink, A.; Bohn, E., Controlled growth of monodisperse silica spheres in 

the micron size range. Journal of Colloid and Interface Science 1968, 26 (1), 62–69. 

143. Iler, R. K., Polymerization of Silica. In The Chemistry of Silica: Solubility, 

Polymerization, Colloid and Surface Properties and Biochemistry of Silica, John 

Wiley & Sons: New York, NY, 1979; pp 172–311. 

144. Chen, C.-Y.; Li, H.-X.; Davis, M. E., Studies on mesoporous materials: I. Synthesis 

and characterization of MCM-41. Microporous Materials 1993, 2 (1), 17–26. 

145. Kung, K. H. S.; Hayes, K. F., Fourier transform infrared spectroscopic study of the 

adsorption of cetyltrimethylammonium bromide and cetylpyridinium chloride on 

silica. Langmuir 1993, 9 (1), 263–267. 

146. Wong, T. C.; Wong, N. B.; Tanner, P. A., A Fourier Transform IR Study of the 

Phase Transitions and Molecular Order in the Hexadecyltrimethylammonium 

Sulfate/Water System. Journal of Colloid and Interface Science 1997, 186 (2), 325–

331. 

147. Tang, H.; Guo, J.; Sun, Y.; Chang, B.; Ren, Q.; Yang, W., Facile synthesis of pH 

sensitive polymer-coated mesoporous silica nanoparticles and their application in 

drug delivery. International Journal of Pharmaceutics 2011, 421 (2), 388–396. 

148. Huang, X.; Li, L.; Liu, T.; Hao, N.; Liu, H.; Chen, D.; Tang, F., The Shape Effect 

of Mesoporous Silica Nanoparticles on Biodistribution, Clearance, and 

Biocompatibility in Vivo. ACS Nano 2011, 5 (7), 5390–5399. 



153 
 

149. Li, W.; Zhang, M.; Zhang, J.; Han, Y., Self-assembly of cetyl trimethylammonium 

bromide in ethanol-water mixtures. Frontiers of Chemistry in China 2006, 1 (4), 

438–442. 

150. Meng, H.; Yang, S.; Li, Z.; Xia, T.; Chen, J.; Ji, Z.; Zhang, H.; Wang, X.; Lin, S.; 

Huang, C.; Zhou, Z. H.; Zink, J. I.; Nel, A. E., Aspect Ratio Determines the 

Quantity of Mesoporous Silica Nanoparticle Uptake by a Small GTPase-Dependent 

Macropinocytosis Mechanism. ACS Nano 2011, 5 (6), 4434–4447. 

151. Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.; Rodriguez-Reinoso, F.; 

Rouquerol, J.; Sing, K. S. W., Physisorption of gases, with special reference to the 

evaluation of surface area and pore size distribution (IUPAC Technical Report). 

Pure and Applied Chemistry 2015, 87 (9–10), 1051–1069. 

152. Reber, M. J.; Brühwiler, D., Bimodal mesoporous silica with bottleneck pores. 

Dalton Transactions 2015, 44 (41), 17960–17967. 

153. Li, X.; Yu, H.; He, Y.; Xue, X., Synthesis of Fe-MCM-41 Using Iron Ore Tailings 

as the Silicon and Iron Source. Journal of Analytical Methods in Chemistry 2012, 

2012, Article ID 928720. 

154. Groen, J. C.; Peffer, L. A. A.; Pérez-Ramı́rez, J., Pore size determination in 

modified micro- and mesoporous materials. Pitfalls and limitations in gas 

adsorption data analysis. Microporous and Mesoporous Materials 2003, 60 (1–3), 

1–17. 

155. Cai, Q.; Luo, Z.-S.; Pang, W.-Q.; Fan, Y.-W.; Chen, X.-H.; Cui, F.-Z., Dilute 

Solution Routes to Various Controllable Morphologies of MCM-41 Silica with a 

Basic Medium. Chemistry of Materials 2001, 13 (2), 258–263. 



154 
 

156. Giri, S.; Trewyn, B. G.; Stellmaker, M. P.; Lin, V. S. Y., Stimuli-Responsive 

Controlled-Release Delivery System Based on Mesoporous Silica Nanorods 

Capped with Magnetic Nanoparticles. Angewandte Chemie International Edition 

2005, 44 (32), 5038–5044. 

157. de Juan, F.; Ruiz-Hitzky, E., Selective Functionalization of Mesoporous Silica. 

Advanced Materials 2000, 12 (6), 430–432. 

158. Mal, N. K.; Fujiwara, M.; Tanaka, Y.; Taguchi, T.; Matsukata, M., Photo-Switched 

Storage and Release of Guest Molecules in the Pore Void of Coumarin-Modified 

MCM-41. Chemistry of Materials 2003, 15 (17), 3385–3394. 

159. Aburto, J.; Ayala, M.; Bustos-Jaimes, I.; Montiel, C.; Terrés, E.; Domínguez, J. M.; 

Torres, E., Stability and catalytic properties of chloroperoxidase immobilized on 

SBA-16 mesoporous materials. Microporous and Mesoporous Materials 2005, 83 

(1–3), 193–200. 

160. Kecht, J.; Schlossbauer, A.; Bein, T., Selective Functionalization of the Outer and 

Inner Surfaces in Mesoporous Silica Nanoparticles. Chemistry of Materials 2008, 

20 (23), 7207–7214. 

161. Fowler, C. E.; Burkett, S. L.; Mann, S., Synthesis and characterization of 

orderedorgano-silica-surfactant mesophases with functionalized MCM-41-type 

architecture. Chemical Communications 1997,  (18), 1769–1770. 

162. Harris, J. M.; Chess, R. B., Effect of pegylation on pharmaceuticals. Nature 

Reviews Drug Discovery 2003, 2 (3), 214–221. 



155 
 

163. Cauda, V.; Argyo, C.; Bein, T., Impact of different PEGylation patterns on the 

long-term bio-stability of colloidal mesoporous silica  nanoparticles. Journal of 

Materials Chemistry 2010, 20 (39), 8693–8699. 

164. He, Q.; Zhang, J.; Shi, J.; Zhu, Z.; Zhang, L.; Bu, W.; Guo, L.; Chen, Y., The effect 

of PEGylation of mesoporous silica nanoparticles on nonspecific binding of serum 

proteins and cellular responses. Biomaterials 2010, 31 (6), 1085–1092. 

165. Zhu, Y.; Fang, Y.; Borchardt, L.; Kaskel, S., PEGylated hollow mesoporous silica 

nanoparticles as potential drug delivery vehicles. Microporous and Mesoporous 

Materials 2011, 141 (1–3), 199–206. 

166. Immordino, M. L.; Dosio, F.; Cattel, L., Stealth liposomes: review of the basic 

science, rationale, and clinical applications, existing and potential. International 

Journal of Nanomedicine 2006, 1 (3), 297–315. 

167. Mercier, L.; Pinnavaia, T. J., Direct Synthesis of Hybrid Organic-Inorganic 

Nanoporous Silica by a Neutral Amine Assembly Route:  Structure-Function 

Control by Stoichiometric Incorporation of Organosiloxane Molecules. 2000, 12 (1), 

188–196. 

168. Yildirim, A.; Demirel, G. B.; Erdem, R.; Senturk, B.; Tekinay, T.; Bayindir, M., 

Pluronic polymer capped biocompatible mesoporous silica nanocarriers. Chemical 

Communications 2013, 49 (84), 9782–9784. 

169. Yang, Y.; Song, W.; Wang, A.; Zhu, P.; Fei, J.; Li, J., Lipid coated mesoporous 

silica nanoparticles as photosensitive drug carriers. Physical Chemistry Chemical 

Physics 2010, 12 (17), 4418–4422. 



156 
 

170. Huang, W.; Zhang, J.; Dorn, H. C.; Zhang, C., Assembly of Bio-Nanoparticles for 

Double Controlled Drug Release. PLoS One 2013, 8 (9), e74679. 

171. Butler, K. S.; Durfee, P. N.; Theron, C.; Ashley, C. E.; Carnes, E. C.; Brinker, C. J., 

Protocells: Modular Mesoporous Silica Nanoparticle-Supported Lipid Bilayers for 

Drug Delivery. Small 2016, 12 (16), 2173–2185. 

172. S. Cinelli; G. Onori, a.; Zuzzi, S.; F. Bordi; C. Cametti, a.; Sennato, S.; Diociaiuti, 

M., Properties of Mixed DOTAP-DPPC Bilayer Membranes as Reported by 

Differential Scanning Calorimetry and Dynamic Light Scattering Measurements. 

The Journal of Physical Chemistry B 2007, 111 (33), 10032–10039. 

173. Arriaga, L. R.; López-Montero, I.; Monroy, F.; Orts-Gil, G.; Farago, B.; Hellweg, 

T., Stiffening Effect of Cholesterol on Disordered Lipid Phases: A Combined 

Neutron Spin Echo + Dynamic Light Scattering Analysis of the Bending Elasticity 

of Large Unilamellar Vesicles. Biophysical Journal 2009, 96 (9), 3629–3637. 

174. Nakamoto, K., Applications in Coordination Chemistry. In Infrared and Raman 

Spectra of Inorganic and Coordination Compounds, Part B, Nakamoto, K., Ed. 

John Wiley & Sons, Inc.: Hoboken, NJ, 2009; pp 1–273. 

175. Graham, L. A.; Suryadi, J.; West, T. K.; Kucera, G. L.; Bierbach, U., Synthesis, 

Aqueous Reactivity, and Biological Evaluation of Carboxylic Acid Ester-

Functionalized Platinum-Acridine Hybrid Anticancer Agents. Journal of Medicinal 

Chemistry 2012, 55 (17), 7817–7827. 

176. Qiao, X.; Zeitany, A. E.; Wright, M. W.; Essader, A. S.; Levine, K. E.; Kucera, G. 

L.; Bierbach, U., Analysis of the DNA damage produced by a platinum-acridine 



157 
 

antitumor agent and its effects in NCI-H460 lung cancer cells. Metallomics 2012, 4 

(7), 645–652. 

177. Liu, F.; Suryadi, J.; Bierbach, U., Cellular Recognition and Repair of 

Monofunctional-Intercalative Platinum-DNA Adducts. Chemical Research in 

Toxicology 2015, 28 (11), 2170–2178. 

178. Smyre, C. L.; Saluta, G.; Kute, T. E.; Kucera, G. L.; Bierbach, U., Inhibition of 

DNA Synthesis by a Platinum-Acridine Hybrid Agent Leads to Potent Cell Kill in 

Nonsmall Cell Lung Cancer. ACS Medicinal Chemistry Letters 2011, 2 (11), 870–

874. 

179. Pickard, A. J.; Liu, F.; Bartenstein, T. F.; Haines, L. G.; Levine, K. E.; Kucera, G. 

L.; Bierbach, U., Redesigning the DNA-targeted chromophore in platinum-acridine 

anticancer agents: a structure-activity relationship study. Chemistry - A European 

Journal 2014, 20 (49), 16174–16187. 

180. Ding, S.; Qiao, X.; Suryadi, J.; Marrs, G. S.; Kucera, G. L.; Bierbach, U., Using 

Fluorescent Post-Labeling To Probe the Subcellular Localization of DNA-Targeted 

Platinum Anticancer Agents. Angewandte Chemie International Edition 2013, 52 

(12), 3350–3354. 



158 
 

APPENDIX 

 

Figure A. FTIR spectrum of 4-(aminopropyltriethoxysilane)-4-oxo-butanoic acid. (The 

inset shows the IR-active carbonyl groups) 
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Figure B. 1H NMR spectrum (300 MHz) of 4-(aminopropyltriethoxysilane)-4-oxo-

butanoic acid in CDCl3; * denotes residual THF, # denotes residual solvent peak. 

* * 

# 
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Figure C. FTIR spectra of small pore MSNs with different PEG molecular weights. (The 

inset shows the IR-active carbonyl groups) 
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Figure D. FTIR spectra of lipid-encapsulated MSNs (full range). (The inset shows the 

IR-active carbonyl groups) 
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Figure E. TEM measurement of lipid bilayer in P1A1@MSNLP-COOH-LIP20. 
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Figure F. EDS spectrum of P1A1@MSNLP-COOH particles. 

 
Table SA. Chemical Composition of P1A1@MSNLP-COOH Estimated from EDS Data 

 
 
 
 

Element Mass% Error in Mass% Atom% 
Silicon 25.24 1.03 14.28 
Carbon 43.36 4.34 57.37 
Oxygen 24.96 2.53 24.80 
Nitrogen 2.78 0.51 3.15 
Platinum 3.41 1.37 0.28 
Chloride 0.25 0.18 0.12 
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Figure G. EDS spectrum of P1A1@MSNLP-COOH-LIP20 particles. 

 
Table SB. Chemical Composition of P1A1@MSNLP-COOH-LIP20 Estimated from EDS 
Data 

 

 

 

  

Element Mass% Error in Mass% Atom% 
Silicon 17.20 0.73 9.42 
Carbon 40.00 3.93 51.20 
Oxygen 35.97 3.46 34.56 
Nitrogen 4.00 0.58 4.39 
Platinum 2.30 0.95 0.18 
Chloride 0.10 0.13 0.04 
Phosphorus 0.43 0.19 0.21 
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Figure H. (A,B) Colocalization images captured after treatment of BxPC3 with 

P1A1@MSNLP-COOH-LIP10-FITC for 12 h showing accumulation of P1A1-containing 

FITC-labeled nanoparticles (blue, green) in acidic lysosomal vesicles (red). Scale bars = 

1 µm. 

 

 

 

(a) Lysotracker Red 
(b) FITC 
(c) Merged Channels 
(d) Bright Field 
(e) P1A1 

Lysotracker      Bright Field            FITC                  P1A1                Merged 

(A) 

(B) 
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Figure I. Confocal fluorescence microscopy images (controls) of BxPC3 pancreatic 

cancer cells treated with (A) supernatant recovered after isolation of P1A1@MSNLP-

COOH-LIP10-FITC nanoparticles after multiple washes/centrifugation cycles and (B) 

vehicle.  No major fluorescence is observed in the FITC and P1A1 cannels.  Scale bars = 

20 µm. 

12 h 

12 h 

1 h 

 

Lysotracker     Bright Field        FITC                 P1A1           Merged 

Lysotracker    Bright Field          FITC                 P1A1           Merged  

1 h 

 

(A) 
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