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Abstract 

In the past ten years, mesoporous silica nanoparticles have been some of the hottest 

materials investigated for biomedical use. Mesoporous silica nanoparticles are size-

controllable and discrete particles with high surface area, large pore volume, and easy 

surface modification properties. These unique characteristics make mesoporous silica 

nanoparticles promising for biological applications. Although there is extensive literature 

precedent for the synthesis and applications of mesoporous silica nanoparticles, there are 

several critical issues resulting in limited use of multifunctional mesoporous  silica 

nanoparticles in vitro or in vivo. For example, the large particle size (> 100-nm-diameter) 

and poor particle stability (aggregation) result in rapid uptake by the reticuloendothelial 

system, a portion of immune system which removes the nanoparticles from circulation 

before they reach their tumor target. Another hurdle is the possible unintentional toxicity 

of such nanoparticles. If the designed mesoporous silica nanoparticles cause unintentional 

damage to benign cells or healthy tissue and organs, their use will be greatly limited in 

therapeutic applications. Prior to in vivo animal experiments, unintentional cytotoxicity 

must be minimized and well studied. Based on the critical considerations described above, 

an ideal mesoporous therapeutic should possess the following characteristics prior to in 

vivo studies: (1) small size (<50 nm); (2) high surface area; (3) high stability; and (4) 

minimal unintentional cytotoxicity. 

Chapter One reviews the development and use of mesoporous silica nanoparticles for 

biomedical use. Various components have been incorporated into mesoporus silica 

nanoparticles to yield various functionalities, like controlled drug release, targeting, and 

multimodal imaging for diagnosis. With more and more complex designs for mesoporous 

silica nanoparticles, practical considerations for in vivo use must be taken into account.  

Chapter Two describes our novel method to synthesize highly stable, redispersible, and 

small mesoporous silica nanotherapeutics. This chapter discusses the particle stability of 

bare and modified mesoporous silica in various biological media. Critical synthetic 

parameters including introduction of hydrophilic and hydrophobic organosilanes and 

hydrothermal treatment are key to synthesize ultrastable and redispersible mesoporous 
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silica nanoparticles. Chapter Three examines the cytotoxicity of mesoporous silica 

nanoparticles to human RBCs, mouse mast cells, and human endothelial cells using (1) a 

hemolysis assay, (2) an electrochemical assay of cell function and (3) a microfluidic 

device. The experimental results reveal that mesoporous silica nanoparticles have lower 

adverse effects on RBCs and mast cells than their similarly sized nonporous counterparts. 

In addition, shear stress effects on the cytotoxicity of unmodified mesoporous silica will 

be discussed. 

In Chapter Four, a novel one-pot synthesis route was developed to fabricate size-

tunable multifunctional mesoporous silica nanoparticles. Based on the experience from 

improving bare mesoporous silica stability, the hydrothermally assisted organosilane 

modification method was applied to improve the particle stability, T2 relaxivity stability, 

and acid resistance of magnetic mesoporous silica nanoparticles. 

 In the last part of my research work, Chapter Five investigates cytotoxicity of new 

carbon nanomaterials, graphene oxide and graphene in human erythrocytes and skin 

fibroblasts. The cytotoxicity results show that the physico-chemical properties, including 

the particle size, exfoliation extent, oxygen content, and aggregation state of graphene 

oxide and graphene greatly influence their cytotoxicity. This collaborative work also 

inspired me to consider a possible future direction involving the incorporation of 

graphene oxide or graphene into mesoporous silica nanoparticles to control drug release 

via a heat-driven route. 

To conclude, Chapter Six reviews my thesis work and highlights the advances I have 

made in the fields of nanomedicine and nanotoxicity. In addition, possible future 

directions are also described. 
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Chapter One 

Introduction to Mesoporous Silica Nanoparticles: Synthesis Summary and Essential 

Considerations for Biomedical Use  
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1.1 Overview 

Since the first report of mesoporous silica (MS) nanoparticles (NPs) in 2001, many 

efforts have been made to develop them for biomedical applications. With the emergence 

of new designs and increasingly complex synthetic schemes, MS NPs have never been 

more promising. For this promise to be fulfilled, however, practical considerations for 

biomedical use must be carefully addressed. Many current MS reports, even those 

reporting in vivo work, neglect the observation of NP size, pore structure, aggregation 

state, and biodegradability under biological conditions before administration. These 

critical considerations, beginning at synthetic stages, must be taken into account to make 

effective and safe MS NPs for biomedical use and timely application in clinical trials. 

Herein, we present a comprehensive review of MS NP synthetic strategies, pointing out 

NP behavior under biological conditions and how it may affect in vitro and in vivo results. 

1.2 Introduction to Development of MS NPs 

Nanotherapeutics, drug-delivery vehicles with sizes on the nanometer scale, have 

gained much attention over the last few decades due to their potential for efficient drug 

delivery and reduced systemic side effects. In contrast to traditional therapies, which 

involve either untargeted treatment or invasive access to the site of interest, NPs may be 

designed such that, once in the bloodstream, they target sites of disease, such as tumors, 

and deliver their cargo selectively. Researchers also envision vehicles that incorporate 

imaging capabilities, overcome drug resistance, operate with zero-order release profiles 

(i.e., sustained release at relevant concentrations), and degrade safely over time. To date, 

various types of NPs, such as polymeric, metal, metal oxide, and semiconductor NPs, 

have been synthesized and used as platforms to integrate therapeutic and diagnostic 

functions in a single NP, called multifunctional NPs or nanotheranostics.
1−3

 One system 

that can accommodate such extensive multifunctionality is MS NPs based on their high 

surface area, large pore volume, uniform and tunable pore size, and facile 

functionalization.
4
  

The surfactant-templated synthesis of MS materials (Mobil Composition of Matter No. 

41, MCM-41) was first discovered at Mobil in 1992,
5
 but MCM-41 was not investigated 
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in biomedical studies until 2001 when it was first demonstrated as a support for drug 

delivery systems.
6
 Fowler et al.

7
 and Cai et al.

8
 both developed syntheses for MS NPs in 

2001, reporting materials small enough to be considered for drug delivery. Since these 

initial reports, extensive studies have been performed involving improved MS NP 

synthesis, incorporation of multifunctionality, and in vitro/in vivo studies. Herein, a 

timeline scheme (Figure 1.1) is used to illustrate the development of MS NPs for 

biomedical applications. 

In 2003, Lai et al. demonstrated the first modified MS NP to facilitate stimuli-

responsive controlled release of neurotransmitters and drugs via chemically removable 

NPs as caps.
9
 Since then, researchers have investigated the addition of various 

components to achieve a multitude of diagnostic or therapeutic effects, including 

controlled drug release,
9−19

 cell labeling,
20−22

 and targeting.
23−28

 Subsequent cytotoxicity 

studies are often performed, examining the new effects of these components.
29,30

 

 

Figure 1.1 Schematic representation of MS NP development toward biomedical use. 

In 2006, multifunctional MS NPs with imaging capabilities were synthesized and 

reported separately by two groups.
21,31

 To date, scientists have designed different routes 

to incorporate imaging agents, such as fluorophores (for fluorescence imaging),
20 

superparamagnetic iron oxide NPs,
21,31−34

 or gadolinium ions
22

 (for magnetic resonance 

imaging, MRI), into single MS NPs. These multifunctional MS NPs facilitate uptake and 

accumulation studies in cells or animals. In 2008, researchers began investigating the in 
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vivo behavior of MS NPs including biodistribution,
34−39

 clearance,
36,37

 toxicity,
36−39

 and 

tumor therapy
32,38,39

 in an effort to move MS NPs toward clinical applications. 

Although MS NPs have already undergone extensive study for biomedical applications 

over the past decade, there are several critical issues that must be considered before 

clinical use of MS NPs. For example, if MS NPs are administrated by intravenous (iv) 

injection, the blood circulation time and biodistribution are mainly dependent on their 

effective diameter and surface properties. It is known that large NPs (>100 nm in 

diameter) or aggregated NPs are rapidly taken up by the reticuloendothelial system (RES), 

limiting in vivo efficacy.
40

 Nonspecific protein adsorption to MS NP exterior surfaces 

also causes an effective diameter increase and may lead to the same RES uptake.
41,42

 In 

addition, the population of adsorbed proteins likely influences the MS NP cellular uptake 

and fate. Therefore, significant effort must be focused on controlling the size and stability 

of MS NPs under relevant biological conditions (37 °C, highly salted or serum-containing 

media) before administration to animals. Another critical concern is the unintentional 

toxicity of MS NPs. Any possible adverse effects caused by MS NPs should be carefully 

examined to ensure the safety of MS NPs for in vivo use. Small hydrodynamic size, high 

stability, and minimal unintentional toxicity are basic requirements and desired properties 

for stealth drug delivery systems, especially iv-injectable NPs. Several recent review 

articles have focused on controlled release, in vitro drug delivery, and general toxicity of 

MS NPs.
43−47

 In contrast, this chapter will highlight synthetic developments and progress 

in the field, drawing attention to critical synthetic considerations that must be addressed 

before the practical use of MS NPs. We present a review of reported MS NP synthesis 

methods, strategies to improve MS NP stability, and a discussion of MS NP 

biodegradability. In addition, we provide specific examples of both multifunctional MS 

NP systems and in vivo studies in which these considerations should be applied. 

1.3 Summary of Syntheses: Controlling Size, Hydrodynamic Diameter, and Pore 

Structure 

According to the critical considerations mentioned above, the first essential 

requirement of MS NPs for in vivo therapeutic applications is small size. MS NP size is 
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mainly determined by the preparation method used. In the early development of MS NPs, 

scientists focused on improving the synthesis of MS NPs, making efforts to control the 

size, pore structure, and stability of MS NPs to broaden their use. A comprehensive 

summary of published MS NP syntheses is presented in Table 1.1. Typical transmission 

electron microscopy (TEM) images of MS NPs prepared from different research groups 

are shown in Figure 1.2. A general synthetic scheme is as follows: a silica precursor such 

as tetraethyl orthosilicate (TEOS) is added to a surfactant solution; next, a mineralizer 

such as NH4OH or NaOH is added, which allows the TEOS to hydrolyze around the 

spherical surfactant micelles; and then, the silicate micelles self-assemble into cylinders 

around which silica continues to condense to form the final hard structure. Surfactants 

must then be removed by calcination, solvent extraction, or dialysis. MS NPs with 

diameters small enough for biomedical consideration were first synthesized in 2001. 

Fowler et al. demonstrated the use of excess water followed by neutralization to quench 

particle growth.
7
 The size and pore structure were controlled by altering the time between 

the water addition and pH neutralization steps. Cai et al. used an extremely low surfactant 

(n-cetyltrimethylammonium bromide, CTAB) concentration to synthesize MS NPs with a 

diameter of around 110 nm (Figure 1.2a).
8
 In the following years, many research groups 

adopted these dilute conditions accompanied by other strategies, such as the addition of a 

co-solvent or a second surfactant as a particle growth suppressant, to prepare size-

controlled MS NPs
.7−9,42,48−59

 For example, Nooney et al. varied the MS particle size from 

65 to 750 nm by adjusting the TEOS/CTAB ratio in dilute conditions and using ethanol 

as a cosolvent.
48

 Yano et al. simply used tetramethyl orthosilicate as a silica precursor 

and changed the methanol co-solvent amount to obtain spherical, monodisperse MS NPs 

(controlled diameters ranged from 150 to 860 nm).
51

 Suzuki et al. employed the double 

surfactant method, using a triblock copolymer, Pluronic F127, as a second template to 

suppress particle growth.
50

 MS NPs having well-ordered pore structure and diameters less 

than 50 nm were successfully obtained using this double surfactant system; however, 

these small MS NPs showed severe aggregation in TEM images (Figure 1.2b). Pore 

architecture may also be influenced by changes in the surfactant system. Han et al. 

employed novel fluorocarbon surfactants as a particle size quencher and nonionic block
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Table 1.1 Overview of Reported MS NP Syntheses Since 2001 
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copolymers as pore-structure directing agents to synthesize MS NPs with 3D cubic pore 

structure (Figure 1.2c) rather than the more typical hexagonal pore structure.
52

 

 

Figure 1.2 Typical TEM or SEM images of MS NPs with different sizes, pore structure, and pore ordering, 

as prepared by different research groups: (a) Cai et al.,
8
 (b) Suzuki et al.,

50
 (c) Han et al.,

52
 and (d) Urata et 

al.
57

 All figures are modified and reproduced with permission from refs 8 (Copyright 2001, American 

Chemical Society), 50 (Copyright 2004, American Chemical Society), 52 (Copyright 2005, Wiley 

Publishing Company), and 57 (Copyright 2009, Royal Society of Chemistry). 

Before 2007, all MS NP preparation work only confirmed the particle size by TEM or 

scanning electron microscopy (SEM) images. In 2007, however, Moller et al. developed a 

method that utilized triethanolamine (TEA) as a base to synthesize stable colloidal 

suspensions of size-controlled MS NPs.
53

 In this study, dynamic light scattering (DLS) 
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was first used to examine the hydrodynamic diameter of as-prepared MS NPs. Since then, 

DLS has been considered an essential characterization method for MS NP synthesis work, 

especially for the use of MS NPs in biological applications. It can be used to determine 

not only MS NP size but also aggregation state as a correlative technique to TEM. It 

should be noted, however, that the Stokes−Einstein equation used by DLS software to 

calculate hydrodynamic diameters assumes a spherical NP, lowering the validity of this 

technique for nonspherical or high aspect ratio NPs. He et al. compared TEM to DLS 

data when they synthesized uniform and discrete MS NPs under neutral conditions with 

propanetriol as both a co-surfactant and a co-solvent.
56

 The authors showed that as-

synthesized particles have similar hydrodynamic sizes compared to sizes determined by 

TEM measurements. In very recent work, Suteewong et al. found that highly aminated 

MS NPs with cubic pore structure could be successfully prepared by the addition of high 

amounts of 3-aminopropyltriethoxysilane (APTS).
58

 The average size as determined by 

both TEM and DLS was around 220 nm, showing that the particles were discrete and 

well-dispersed in water. However, the examples of well-dispersed MS NPs in the 

literature are all relatively large (>100 nm) in size. 

To address the problem of large size, Lu et al. simply adjusted the concentration of 

ammonium hydroxide (pH value) to synthesize MS NPs with sizes around 30 nm (based 

on TEM analysis).
55

 Unfortunately, the DLS data showed that MS NPs with this small 

size formed irreversible aggregates after the surfactant removal step. This paper pointed 

out that surfactant template removal is an important step to obtain well-dispersed and 

discrete MS NPs in addition to minimizing MS NP size. Removal of the surfactant is 

generally performed by calcination (high-temperature decomposition) or solvent 

extraction. During calcination, MS NP drying and high-temperature treatment cause 

interparticle condensation, resulting in irreversible aggregation and very poor dispersity 

in aqueous solutions. Another commonly used method is solvent extraction. Although 

this method greatly improves the dispersity of MS NPs after surfactant removal compared 

to calcination, small MS NPs (<50 nm) tend to aggregate after repeated centrifugation 

and washing steps during the surfactant removal process.
42,55

 Recently, an alternative 

method to remove surfactants from MS NPs was reported by Urata et al.; therein, the 
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authors used dialysis to avoid interparticle aggregation of small MS NPs (∼20 nm by 

TEM, Figure 1.2d). Their hydrodynamic sizes (∼30 nm) were retained even after 

surfactant removal.
57

 In very recent work, Bein and co-workers reported a high-

temperature “liquid-phase calcination” method to increase the degree of silica 

condensation and stability of MS NPs.
59

 As-synthesized MS NPs were suspended in high 

boiling organic solvents like tri-octylphospine oxide and tri-n-octylamine and heated to 

decompose the organic surfactants at high temperature. The DLS measurements showed 

that the colloidal stability of MS NPs in ethanol was not affected by the high-temperature 

liquid-phase heat treatment. However, this study only examined the colloidal stability of 

the treated MS NPs in ethanol. The true stability of surfactant-free MS NPs should be 

tested in aqueous solutions if they are to be used in biological systems. 

In short summary, the critical requirements for in vivo nanotherapeutics are discrete 

size, small hydrodynamic diameter, and excellent dispersity in physiological aqueous 

conditions. However, to date, there are only a few syntheses that match these 

requirements. Generally, dilute conditions and the addition of a co-solvent are the most 

popular strategies used to synthesize small, discrete, and monodisperse MS NPs. 

Presently, the only successful surfactant removal method to maintain the aqueous 

colloidal stability of unmodified small MS NPs is the dialysis process. 

1.4 Particle Dispersity, Stability, Nonspecific Protein Binding, and Pore Integrity in 

Physiological Conditions 

In practical biomedical applications, NPs are always suspended in biological solutions 

such as phosphate buffered saline (PBS), simulated body fluid (SBF), cell culture media, 

or serum-containing media. Therefore, the hydrodynamic sizes of NPs determined in 

deionized (D.I.) water do not represent the real and effective sizes of NPs in hydrated and 

high ionic strength conditions. Surprisingly, only a few papers to date discuss and try to 

improve the dispersity and stability of MS NPs in physiological conditions. Zink and co-

workers reported that post modification of bare MS NPs or multifunctional MS NPs with 

phosphonate silane reduces the extent of aggregation and increases particle stability and 

redispersity in aqueous solution.
23,60

 In these two studies, only digital photographs of 
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phosphonate-modified MS NPs were provided to show the particle dispersity in PBS. 

While promising, dispersity observed by the naked eye does not necessarily represent a 

lack of aggregates in the suspension. DLS data should be collected to confirm the 

dispersity and particle stability of phosphonate-modified MS NPs. 

Even in studies where DLS data are collected, dispersity is often only monitored for a 

very short period of time (seconds-minutes). Unfortunately, the short-term hydrodynamic 

size does not necessarily indicate particle stability over a long period of time (hours-days). 

A long-term particle stability study by DLS is essential to show the true particle stability 

of MS NPs. A few such studies have been performed. Wang et al. functionalized MS NPs 

with polyethylene glycol (PEG)-derived phospholipid (PEG-lipid) to improve the particle 

stability of MS NPs in PBS.
27

 They found that the hydrodynamic sizes of PEG-lipid-

capped MS NPs stay constant (∼200 nm) in PBS over 24 h, indicating the PEG-lipid-

capped MS NPs are very stable in buffered solutions. In addition, the PEG-lipid coating 

also reduces nonspecific adsorption of protein onto the MS NPs. In our recent work, we 

studied the short-term and long-term particle stability of small MS NPs (42 nm) in 

various media including D.I. water, PBS, and cell culture media (in the presence of serum) 

at room temperature (RT) and 37 °C.
42

 The bare MS NPs purified by solvent extraction 

(centrifugation) or dialysis methods are called MS42-c and MS42-d, respectively. MS 

NPs denoted as MS42@PEG-hy-c underwent a hydrothermal treatment step prior to 

centrifugation. In Figure 1.3a, the comparison of hydrodynamic distributions of MS42-c 

and MS42-d clearly show that repeated centrifugation leads to irreversible aggregation of 

small MS NPs. Figure 1.3b shows that the hydrodynamic distribution of MS42-d seems 

stable in PBS during a single DLS measurement, but the hydrodynamic size increases 

over a period of time (10 days). These data clearly demonstrate that short-term stability 

may differ from long-term stability. In addition, a significant increase in hydrodynamic 

size was observed once the MS NPs were transferred to media with added fetal bovine 

serum (FBS), indicating a rapid nonspecific adsorption of serum proteins on bare MS 

NPs (Figure 1.3c). Figure 1.3d further shows that temperature affects the particle stability 

of MS42-d in PBS and media with serum (Dulbecco’s modified Eagle’s medium, 

DMEM+10% FBS). An important breakthrough of this work is the development of 
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hydrothermally treated PEGylated MS NPs showing greatly improved long-term particle 

stability in various biological media at physiological conditions (Figure 1.3e) and reduced 

mouse macrophage uptake. In other recent work reported by He et al., it was 

demonstrated that the molecular weight and chain density of PEG modification on the 

MS NP surface affected the amounts of nonspecific human serum protein adsorption on 

MS NPs and uptake by human macrophages.
41

 The authors concluded that the optimal 

PEG molecular weight to minimize human serum protein binding on a MS NP surface is 

10k with 0.75 wt% chain density. On the basis of the studies mentioned above, 

PEGylation is an essential step to improve particle dispersity and stability of MS NPs in 

biological conditions, avoid nonspecific protein binding, and minimize macrophage 

uptake. 

 

Figure 1.3 Hydrodynamic size distributions of MS42-c, MS42-d, and MS42@PEG-hy-c measured by DLS 

at RT in various media: (a) D.I. water, (b) PBS, and (c) DMEM + 10% FBS. Long-term particle stability of 

(d) MS42-d and (e) MS42@PEG-hy-c in various media at RT and 37 °C. (Inset) Photograph of 

MS42@PEG-hy-c after 10 days of incubation in D.I. water, PBS, and DMEM + 10% FBS 37 °C. All 

figures are reproduced with permission from ref 42. Copyright 2011, Royal Society of Chemistry. 

Another critical consideration is the redispersity of MS NPs after being dried. From a 

practical standpoint, this ability would be highly beneficial for particle transport, 
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weighing, and storage. To date, only our recently published work demonstrates the 

redispersity of MS NPs based on DLS measurements.
61

 In most cases, the hydrodynamic 

size or particle stability of MS NPs is determined for as-synthesized particles or only 

measured at one single time following drying and redispersion. Clearly, synthesizing 

highly redispersible MS NPs is still a very challenging research topic, especially when 

MS NPs incorporate various functionalities or undergo multistep surface modifications. 

1.5 Biodegradability and Degradation Effects on In Vitro Cytotoxicity 

In addition to particle size and stability, the pore structure stability of MS NPs in 

biological media is another important property for consideration. Surprisingly, very few 

studies describe the degradability of MS NPs in biological environments; in fact, the 

studies included here were all just published in 2010 and 2011. He et al. investigated 

degradation of bare MS NPs in SBF and found an unexpected three-stage behavior 

including (1) a fast bulk silica degradation (hour scale), (2) followed by a decrease of the 

free silicon amount because of the deposition of magnesium/calcium silicate on MS NPs, 

and then (3) a slow dissolution process (day scale) with nearly complete degradation after 

15 days of incubation.
62

 Cauda et al. examined the degradation of unmodified and 

organomodified MS NPs in SBF at 37 °C and further confirmed the formation of 

hydroxyapatite on the aged MS NPs.
63

 In addition, the authors also found that PEGylated 

MS NPs have a slower degradation rate within the first days of SBF aging than their non-

PEGylated counterpart. Later, the same authors showed that modifying MS NPs using 

PEG with different chain lengths influences pore integrity and colloidal stability in 

aqueous solutions.
64

 In our recently published work, comparison of TEM images and 

XRD patterns of MS NPs without PBS aging and after 6 days of PBS aging clearly 

showed that the pore structure of MS NPs was compromised due to degradation of the 

silica framework (Figure 1.4).
30

 This work also revealed a greater cytotoxic effect for 

aged MS NPs on human erythrocytes compared to that for MS NPs without aging. The 

unintentional cytotoxicity of MS NPs is another critical concern that must be considered 

before in vivo studies. To date, researchers from various groups have found similar 

results indicating that MS NPs are highly compatible with various types of mammalian 
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cells when the exposure concentration is less than 200 μg/mL.
43,61

 In light of this finding, 

it is critically important to be aware of the degradation states of MS NPs in biological 

conditions before in vitro or in vivo exposure to live cells. 

 

Figure 1.4  (a,b) TEM images and (c) XRD of MS NPs without PBS aging and after 6 days of PBS aging. 

All figures are modified and reproduced with permission from ref 30. Copyright 2010, American Chemical 

Society. 

To solve the pore and particle stability issues in MS NPs, Kuroda and co-workers 

recently synthesized small MS NPs (∼20 nm) with ethenylene-bridged silsesquioxane 

frameworks using bis(triethoxysilyl)ethenylene as a silica precursor.
65

 They found that 

less than 2% of the ethylene-bridged MS NPs degraded in a PBS after 15 days, compared 

to 90% dissolution of pure MS NPs. The good redispersity of the ethenylene-bridged MS 

NPs in water was confirmed by repeated concentration-dilution cycles (10 times). 

However, even though these ethenylene-bridged MS NPs showed high resistance to 

biodegradation, aggregation was still observed in PBS solution after 24-h aging. This is a 

difficult balance that must be achieved for the practical and safe use of MS NPs in 

biomedical applications.  

1.6 Multifunctional MS NPs 

The mature field of silane chemistry affords many options for multifunctionality in MS 

NPs. Moieties providing targeting, controlled release, photothermal therapy, and imaging 

may be incorporated. However, as more multifunctionality is incorporated into a single 

platform, the same synthetic concerns regarding size, stability, and biodegradation must 

be addressed. Such considerations have been addressed in the case of imaging 

multifunctionality. To increase the utility of the MS NPs for biomedical applications, a 
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variety of synthetic procedures have been performed to incorporate imaging functionality. 

To date, various imaging probes or contrast agents such as fluorescent dyes, radioactive 

compounds, or paramagnetic materials have been incorporated into the MS NP platform 

for diagnostic use. The first two examples of multifunctional MS NPs for imaging were 

demonstrated by the Hyeon and Mou groups.
21,31

 The authors incorporated magnetite 

(Fe3O4) NPs and either quantum dots or fluorescent dyes into MS NPs to attain 

multimodal imaging in one unit. Similar to pure MS NPs, the large size and poor stability 

of multifunctional MS NPs limited their use in animals. Therefore, researchers later 

improved the synthetic strategy to control the size of Fe3O4-coated fluorescent MS NPs 

based on the number of Fe3O4 NP nucleation sites introduced during the synthesis 

process.
33

 The size of Fe3O4-coated fluorescent MS NPs can be minimized to around 30 

nm, and their particle stability can be greatly improved by a delayed modification with 

PEG-silane (one-pot synthesis). 

Perhaps one of the most exciting MS NP functionalities involves controlled release of 

a drug. Unlike polymer NPs, which rely on diffusion-controlled release of loaded drug, 

MS NPs provide a hard shell to encapsulate drug molecules. Drug release can be 

moderated by a variety of capping mechanisms over the pore openings. In this section, 

we will not comprehensively review all of the drug delivery studies using MS NPs. 

However, a list of examples demonstrating controlled release from MS NPs is 

summarized in Table 1.2. For readers interested in this topic, there are several excellent 

reviews that can be found in the literature.
43,44,46

 Work in controlled release focuses not 

only on preventing premature release but also on regulating release once the “caps” are 

off. Researchers continue to search for mechanisms that will avoid a “burst release” of 

drug, imagining instead a gradual release of drug at an optimal concentration over time. 

To date, researchers have employed stimuli-responsive capping agents that may be 

removed by chemical reduction,
9−11,14,17

 enzymatic degradation,
12,13

 biomolecular 

triggers,
16

 or pH.
15,18,19

 In most cases, multiple surface modification steps are performed 

on MS NPs to attach stimuli-responsive linkers. Therefore, serious aggregation may 

occur during the surface post-treatment. However, in most of these controlled release 
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Table 1.2 Summary of Controlled Release from MS NPs 
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studies, only TEM characterization was performed to show the particle size and 

morphology of the modified or capped MS NPs. Many reports do not mention particle 

dispersity or stability in biological media, even though it is of critical importance for 

these novel MS nanotherapeutics. Although creative gating mechanisms have been 

designed and implemented for excellent controlled release, these MS NPs will not find 

practical use unless particle stability is demonstrated. 

Cell-specific targeting is another area of great interest in MS NPs. Enhanced imaging 

contrast and therapeutic efficacy afforded by other functionalities will prove most 

beneficial if the nanotheranostics accumulate at the site of disease diagnosis, a tumor for 

example. However, some of the obstacles like aggregation, poor stability, and nonspecific 

protein adsorption of NPs, to successful cancer cell targeting are not thoroughly 

considered prior to in vivo studies.
66

 To date, several MS NP systems have been modified 

with cancer-specific targeting ligands, resulting in increased NP uptake into cancer cells 

compared to noncancerous cells (Table 1.3).
23−28

 The most common synthetic route to 

achieve targeting involves a post synthesis step in which the surface silanol groups of 

bare MS NPs react with a form of APTS. This step places terminal amine groups on the 

MS NP surface, which may be reacted easily with targeting ligands containing a 

carboxylic acid (via an amide bond). One such molecule, folic acid, has been utilized by 

many groups to target cancer cells as folate receptors are known to be overexpressed in 

many types of human cancer. For example, Rosenholm et al. developed a novel method 

to attach folic acid on MS NPs using poly(ethyleneimine), PEI.
24

 The results showed that, 

upon folate surface modification, their MS@PEI@folate NPs were taken up by HeLa 

cells with about an order of magnitude more efficiency than NPs without folate, even in 

co-culture conditions with cells bearing few folate receptors. Other small targeting 

molecules (lactobionic acid
17

 and mannose
25

) and biomolecules (transferrin,
28

 cylic RGD 

peptide,
28

 and monoclonal Herceptin antibody
26

) have also been shown to increase the 

uptake efficiency by cancerous cells and the therapeutic efficacy of anticancer drugs. 

Again, stability and dispersity are a concern. As shown in Table 1.3, it is obvious that 

only very recently published papers report the hydrodynamic size data of the targeted MS 

NPs. It seems likely that the particulate state of these targeted MS NPs will influence 
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Table 1.3 Summary of Targeted MS NPs 
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their targeting efficiency to cancer cells. For example, if the targeted MS NPs have very 

poor particle dispersity and settle out of suspension rapidly, the aggregated MS NPs may 

strongly associate with noncancer cells, leading to nonspecific targeting and uptake by 

other endocytosis pathways (rather than receptor-mediated endocytosis). This may result 

in decreased targeting efficiency and subsequent systemic side effects.  

1.7 In Vivo Tumor Therapy, Biodistribution, and Clearance 

After extensive studies involving synthesis, physical property characterization, 

controlled drug delivery, in vitro cytotoxicity assessments, in vitro targeting, and in vitro 

therapeutic efficacy to cancer cells, researchers have recently begun to investigate the in 

vivo biocompatibility, biodistribution, and clearance of MS NPs in rodents. It has been 

shown that particle size, shape, and surface modification can significantly influence the 

blood circulation time, localization, and excretion pathways of these particles.
36,37,39

 Wu 

et al. studied the bioaccumulation of unmodified multifunctional MS NPs (∼150 nm 

based on the TEM image) in mice using T2-weighted MR imaging and tissue histology.
34 

The results showed that the multifunctional MS NPs preferentially accumulated in the 

liver and spleen after 2 h. The fluorescent foci in histological sections of the liver and 

spleen further confirmed the MR imaging results. No significant weight change 

difference was observed between control and NP-injected mice during a 4 week period. 

This preliminary result suggests that unmodified MS NPs are biocompatible. In addition 

to imaging NP biodistribution using MRI, Lee et al. loaded negatively charged 

indocyanine green (an FDA approved near-infrared dye) inside of positively charged MS 

NPs (quaternary ammonium modification) via electrostatic interactions to facilitate real-

time monitoring of the biodistribution of MS NPs (50−100 nm based on the TEM image) 

in a rat after iv injection.
35

 The real-time fluorescence image of a rat in Figure 1.5a 

clearly showed that MS NPs accumulated in the liver within 90 min of NP administration. 

The comparison of fluorescence intensity from harvested organs further confirmed the 

liver accumulation of MS NPs (Figure 1.5b and c). 

In addition, the size, shape, and PEGylation effects on the in vivo biodistribution of 

MS NPs were reported very recently. He et al. evaluated the accumulation and excretion 



 19 

of bare and PEGylated MS NPs of different particle diameters (80, 120, 200, and 360 nm) 

following mouse tail-vein injection.
36

 They found that both unmodified and PEGylated 

MS NPs of different sizes were mainly distributed in the liver and spleen, and larger 

particles were captured by organs more easily (with the exception of PEGylated MS NPs 

with a size of 360 nm). Generally, compared to unmodified MS NPs, PEGylated MS NPs 

exhibited longer blood circulation time, lower accumulation in organs, and 

correspondingly lower excreted degraded free Si. These findings support the idea that 

smaller MS NPs can escape RES uptake more easily. The authors also concluded that MS 

NPs are highly biocompatible based on no observation of pathological abnormality. 

 

Figure 1.5 (a) Biodistribution images of fluorescent MS NPs in ananesthetized rat before and after iv 

injection. (b) Photographic image and (c) corresponding fluorescent images of dissected organs from a rat 3 

h after iv injection. All figures are modified and reproduced with permission from ref 35. Copyright 2009, 

Wiley Publishing Company. 
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In other recent work, Huang et al. investigated shape and PEGylation effects on the 

biodistribution, clearance, and biocompatibility between spherical and rod-shaped MS 

NPs.
37

 The biodistribution results of both spherical and rod MS NPs (two different aspect 

ratios, 1.5 and 5) showed that both particle populations were largely trapped by the RES 

(>80%). On the basis of quantitative analysis of Si content in organs (measured by 

inductively coupled plasma optical emission spectrometry, ICP-OES), the authors found 

that spherical and short-rod MS NPs mainly accumulated in the liver. The long-rod MS 

NPs were mainly distributed in the spleen. In addition, after PEGylation, both spherical 

and rod-shaped MS NPs had increased accumulation levels in the lungs. The authors 

further found that the clearance of MS NPs is shape-dependent. Spherical and short-rod 

MS NPs have faster excretion rates than long-rod MS NPs by both renal and 

hepatobiliary excretion routes. The high biocompatibility of the spherical and rod-shaped 

MS NPs was confirmed by hematological, serological, and histopathology results, which 

are consistent with previous reports studying spherical MS NPs.
36,38

 On the basis of the 

currently published in vivo studies mentioned above, various types of MS NPs including 

unmodified, positively charged, PEGylated, or different shaped MS NPs preferentially 

accumulate in the RES. In addition, MS NPs are highly biocompatible, degradable, and 

excreted by urine and feces. 

The first example of preferential accumulation of Fe3O4-coated fluorescent MS NPs 

with PEG post-modification (hydrodynamic size ∼ 100 nm in PBS) in a tumor site via 

the enhanced permeability and retention (EPR) effect was reported by Kim et al. in 

2008.
32

 In addition to the tumor, strong fluorescence was measured from other organs, 

including the liver and spleen, indicating that many of the injected particles were trapped 

by the RES. In very recent work reported by Nel and co-workers,
39

 the authors clearly 

show the effect of the hydrodynamic size on biodistribution and consider the passive 

targeting efficiency of MS NPs. Three types of near-infrared fluorophore-labeled MS 

NPs: (1) phosphonate-coated MS NPs (primary size: 100 nm; hydrodynamic size in PBS: 

520 nm, denoted as NP1), (2) PEGylated MS NPs (primary size: 50 nm; hydrodynamic 

size in PBS: 597 nm, denoted as NP2), and (3) PEI−PEG-coated MS NPs (primary size: 

50 nm; hydrodynamic size in PBS: 110 nm, denoted as NP3) were injected into mice with 
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xenografted tumors for consideration of biodistribution. As shown in Figure 1.6, NP1 

was mainly trapped in the liver and spleen within 24 h, and both NP2 and NP3 show less 

RES uptake along with longer circulation times. NP3 further showed prominent uptake in 

the tumor site by the EPR effect at 24 h. The accumulated mass percentages of the total 

mass of the injected particle (quantified by ICP-OES) of NP1, NP2, and NP3 in the tumor 

were ∼1, ∼3, and ∼12%, respectively. These results clearly show that the particle size 

and dispersity play a key role in MS NP passive tumor targeting. In addition, this work 

further demonstrates that passive targeting by MS NPs greatly reduces the systemic side 

effects of chemotherapy, making progress into clinical trials more likely. 

 

Figure 1.6 Biodistribution of NIR fluorophore-labeled MS NPs with different surface modifications to the 

KB31-luc tumor xenograft model in nude mice at different time points after NP injection. The figure is 

reproduced with permission from ref 39. Copyright 2011, American Chemical Society. 

1.8 Conclusion and Future Perspective 

Over the last 10 years, there has been extensive progress toward developing size-

controlled, multifunctional MS NPs for biomedical applications. Encouraging results 

have been presented, demonstrating not only drug delivery but effective cell-specific 
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Figure 1.7 Diagram of considerations in design of MS NPs for in vivo biological applications. 

targeting, enhanced contrast imaging, and stimuli-controlled drug release. Several recent 

reviews have highlighted the growth edges in this field. Experts contend that MS NPs 

will become even more sophisticated, incorporating imaging, targeting, and controlled 

release capabilities into one platform. Multiple reviews have highlighted the need for in 

vitro studies examining intracellular localization of MS NPs and their eventual 

biodegradation in the cell. In addition, in vivo studies such as those reviewed herein 

should be expanded to investigate long-term biodistribution, excretion, and therapeutic 

efficacy of different MS NP types.
43−47

 As these research directions are addressed, we 

emphasize that studies will provide the most accurate results if the MS NPs demonstrate 

small size, high colloidal stability in biological environments, controlled biodegradation, 

and high biocompatibility. We simply summarize our perspective on the essential 

considerations to design ideal MS NPs for in vivo biomedical use in Figure 1.7. These 

simple requirements, including size characterization (primary and hydrodynamic size), 

particle stability and degradation behavior in biological media at physiological conditions, 
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and in vitro toxicity, are critical and would be best addressed during the experimental 

design of new MS NPs for in vivo use, not in the midst of development as a problem-

solving maneuver. As new components are introduced, no matter their function, we have 

shown that these fundamental MS NP characteristics must be well-studied before the new 

system is considered for in vitro or in vivo analysis. We look forward to new MS NPs that 

will satisfy these requirements, pushing them closer to application in clinical trials. In the 

following chapters, these critical considerations will be discussed in our developed MS 

NPs and in vitro toxicity investigations of MS NPs. 
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Chapter Two 

Development of Highly Stable, Redispersible, and Small Mesoporous Silica 

Nanotherapeutics 
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Lin, Y.-S.; Abadeer, N.; Hurley, K. R.; Haynes, C. L. J. Am. Chem. Soc. 2011, 133, 
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2.1 Overview 

Practical biomedical application of MS NPs is limited by poor particle dispersity and 

stability due to serious irreversible aggregation in biological media. To solve this 

problem, we firstly prepare sub-50 nm PEG-coated MS NPs with hydrothermal treatment. 

The hydrothermally treated PEGylated MS NPs are shown to have improved stability in 

various media at both room and physiological temperature, biocompatibility, and 

decreased macrophage uptake, making these NPs viable for in vivo stealth drug delivery 

applications. 

In addition, we further find that hydrothermally treated MS NPs of small size with 

dual-organosilane (hydrophilic and hydrophobic silane) surface modification are very 

stable in SBF at physiological temperature. Additionally, they can be dried to a powdered 

solid and easily redispersed in biological media, maintaining their small size for a period 

of at least 15 days. These highly organomodified MS NPs were characterized by TEM, 

XRD, N2 adsorption-desorption, DLS, ζ-potential, and solid-state 
29

Si NMR, and they 

prove to be very stable in simulated body fluid at physiological temperature. Furthermore, 

this preparation method can be expanded to synthesize redispersible fluorescent and 

magnetic MS NPs. The highly stable and redispersible MS NPs show minimal toxicity 

during in vitro cellular assays. Most importantly, two types of doxorubicin, water-soluble 

doxorubicin and poorly water-soluble doxorubicin, can be loaded into these highly stable 

MS NPs, and these drug-loaded NPs can also be well-redispersed in aqueous solution. 

Enhanced cytotoxicity to cervical cancer (HeLa) cells was found upon treatment with 

water-soluble doxorubicin-loaded NPs compared to free water-soluble doxorubicin. 

These results suggest that highly stable, redispersible, and small MS NPs are promising 

agents for in vivo biomedical applications. 

2.2 Introduction 

Providing an early and accurate diagnosis of disease and subsequent efficient treatment 

is a major aim in medicine, and nanotechnology has the potential to advance this goal. In 

the past decade, great strides have been made in nanomedicine because of the rapid 

development of nanomaterials. One specific area where nanoscale materials are poised to 
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have an impact is in the targeted use of NPs in tumors, to help physicians perform 

diagnostics, imaging, and drug delivery.
1,2

 Chemotherapeutic drugs are well-known for 

their adverse side effects such as fatigue, nausea, and hair loss, which result from the way 

they work to kill quickly dividing cells in the body rather than cancerous cells 

specifically. Therefore, targeted drug delivery with controlled drug release is a more 

desirable route in cancer therapy to reduce these negative effects to healthy cells. MS 

NPs are small, discrete particles with regularly spaced pores. They are particularly 

promising for medicine because of their large surface area and pore volume, making them 

an excellent candidate for drug storage and delivery.
3-5

 MS NPs were first imagined as a 

vehicle for drug delivery by Lin et al.;
6
 since then, many researchers have begun to 

explore the potential of these NPs for various biomedical applications such as 

intracellular labeling,
7
 biomolecule delivery,

8
 targeting,

9
 and diagnostic imaging.

10
 

Although there is significant literature precedent for the synthesis and biomedical 

applications of MS NPs, there are several critical issues that result in limited use of these 

MS NPs in vitro or in vivo. For example, large particle size (>100-nm-diameter) and poor 

particle stability (aggregation) result in rapid uptake by the RES.
11-15

 Another major 

hurdle is the possible unintentional toxicity of such MS NPs.
16,17

 If the designed NPs 

cause unintentional damage to benign cells or healthy tissues and organs, their use will be 

greatly limited in therapeutic applications. Prior to in vivo animal experiments, 

unintentional cytotoxicity must be minimized. On the basis of the critical considerations 

described above, a MS NP should possess the following characteristics: (1) small 

hydrodynamic size (<100 nm); (2) high drug loading capacity; (3) high stability; and (4) 

minimal unintentional cytotoxicity. The beginning of this chapter will focus on studying 

the stability of small MS NPs in various biological media at physiological conditions. We 

developed a hydrothermally-assisted surface modification method to significantly 

improve the colloidal stability of MS NPs. Later in this chapter, we further modified MS 

NPs with both hydrophilic and hydrophobic silane in addition to hydrothermal treatment. 

Using these strategies, a small, ultrastable, and redispersible MS nanotherapeutic has 

been successfully synthesized. Herein, we will begin by discussing the MS NP stability in 

various environments. 
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2.3 Particle Stability of Small MS NPs in Various Biological Media 

Although synthesis of fine bare MS NPs (<50 nm) has been reported by several groups 

recently,
18–20

 particle dispersity has been difficult to maintain, and aggregation occurs 

either during synthesis or surfactant removal.
19

 Removal of the surfactant template from 

MS NPs is the key step during the synthetic procedure that determines retention of the 

initial dispersity of MS NPs, especially for small MS NPs (i.e. diameters less than 50 nm). 

Recent work published by Kuroda et al. showed that using a dialysis process to remove 

surfactant can prevent aggregation of small MS NPs and maintain their hydrodynamic 

size.
20

 Another popular strategy to maintain NP dispersity is via surface passivation with 

PEG; PEG has been known to prevent protein adsorption (opsonization) on NP surfaces, 

enhance circulation time, and reduce nonspecific RES uptake.
21,22

 Though the 

PEGylation of MS NPs has been shown to reduce their hemolytic activity,
16,23

 serum 

binding,
24

 and short-term degradation in SBF,
25

 there is no precedent work examining the 

long-term stability of these PEGylated MS NPs in various biological media such as PBS 

or cell culture media a 37 °C. This paucity of work, on a feature critical to the application 

of these materials, reveals that synthesizing MS NPs with long-term colloidal stability is 

still a challenge in this field.  

Another major hurdle to biological application of MS NPs is that the hydrodynamic 

size and aggregation state of MS NPs, as determined by DLS, is often only examined in 

D.I. water
20

 or organic solvents.
18

 In most cases, biomedical MS NPs will be suspended 

in or experience highly salted solutions or serum-containing media, conditions likely to 

have a large influence on the hydrodynamic diameter. In addition, the short-term stability 

(hours) of MS NPs may be different from their long-term stability (days). To directly 

address the aforementioned gaps in MS NP research, the examination of NP stability in 

various biological media over a long period of time (days) at 37 °C to mimic realistic 

biological conditions is essential. In this work, we aim to synthesize MS NPs with 

hydrodynamic diameter less than 100 nm and long-term stability in biological media at 

physiological temperature. 

2.3.1 Experimental Section  
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2.3.1.1 Chemicals and Materials 

All chemicals were used as received. CTAB, TEOS, ammonium molybdate 

tetrahydrate, dimethyl sulfoxide (DMSO), 4-methylaminophenol sulfate, sodium sulfite, 

oxalic acid, silicon standard (1000 mg/L), fluorescein isothiocyanate isomer I (FITC, 

90%), polyvinyl-pyrrolidone (PVP10, average MW10,000) and 10X PBS were purchased 

from Sigma Aldrich (Milwaukee, WI). 2-[Methoxy(polyethyleneoxy)propyl] 

trimethoxysilane, (PEG-silane, MW 596-725 g/mol, 9-12 EO) was obtained from Gelest 

(Morrisville, PA). Ammonium nitrate (NH4NO3), hydrofluoric acid (HF), nitric acid 

(HNO3), chloroform (99.8%), iron(III) chloride hexahydrate (FeCl36H2O, >99%) and 

ammonium hydroxide (NH4OH, 28-30 wt% as NH3) were obtained from Mallinckrodt 

(Phillipsburg, NJ). Iron(II) chloride tetrahydrate (FeCl24H2O, 99-102%), and oleic acid 

were obtained from Fisher Scientific (Rockford, IL). Hydrochloric acid (HCl) and acetic 

acid were obtained from BDH (West Chester, PA). Absolute anhydrous 99.5% ethanol 

and 95% ethanol were purchased from Pharmco-Aaper (Brookfield, CT). The D.I. water 

was generated using a Millipore Milli-Q system (Billerica, MA). Heat inactivated FBS 

and DMEM with 4.5 g/L glucose, 110 μg/mL sodium pyruvate, 4.00 mM L-glutamine, 

and phenol red were purchased from Hyclone (Logan, UT). Trypsin in 1 mM 

ethylenediamine tetraacetic acid (EDTA) and penicillin streptomycin (PS) were obtained 

from Gibco (Grand Island, NY). Powder DMEM without phenol red and sodium 

pyruvate was purchased from SAFC Biosciences (Lenexa, KS). 

2.3.1.2 Preparation of Bare and MS PEGylated NPs with 42 nm Diameter 

Bare MS42 NPs: First, 0.29 g of CTAB was dissolved in 150 mL of 0.256 M NH4OH 

solution at 50 °C. After 1 h, 2.5 mL of 0.88 M ethanolic TEOS was added under vigorous 

stirring. After 1 h, the stirring was stopped and the colloidal solution was aged for 20 h at 

50 °C. After aging, the as-synthesized colloidal solution was passed through a 0.45 μm 

GH propylene (GHP) filter and diluted to 40 mL with D.I. water. Herein, two methods 

were used to remove surfactant. One is a centrifugation method, and the other is a 

dialysis method. With centrifugation, the filtered as-synthesized MS42 colloids were 

transferred to 50 mL of 6 g/L ethanolic ammonium nitrate by centrifugation (30,000 
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rpm=66,226g, 30 min) and heated to 60 °C for 1 h with stirring. The MS42 NPs were 

then transferred to 50 mL of acidic ethanol solution (1 mL of HCl/1L of ethanol) via 

centrifugation and heated to 60 °C for 2 h under stirring. The extracted MS-42 NPs were 

further washed with 95% ethanol and then 99.5% ethanol once. Finally, the surfactant-

free MS42 NPs were suspended in 99.5% ethanol and stored at 4 °C. The MS42 NP 

extracted by the centrifugation method is designated as MS42-c.  

For dialysis purification, the surfactant was removed from the as-synthesized MS42 

NPs using a dialysis process described by Urata et al.
20

 The as-synthesized sample was 

transferred to regenerated cellulose dialysis tubing (with a molecular weight cut off, 

MWCO, of 12,000-14,000, Fisherbrand) and placed into a 250 mL acid solution 

composed of 95% ethanol and 2 M acetic acid. The acid solution was replaced every 24 h 

and repeated two times. The particles were then dialyzed against 500 mL of D.I. water 

three more times. Finally, the dialyzed MS42 NPs were filtered through a 0.45 μm GHP 

filter and stored at 4 °C until use. The MS42 NPs purified by the dialysis method are 

designated as MS42-d. 

PEGylated MS42 NPs: Typically, 0.29 g of CTAB was added to 150 mL of 0.256 M 

NH4OH solution at 50 °C. Then, 2.5 mL of 0.88M ethanolic TEOS was added to solution 

under continuously stirring. After 1 h, 450 μL of PEG-silane was added to the as-

synthesized colloidal solution. The mixture solution was stirred for 30 min and then aged 

at 50 °C for 20 h. The as-synthesized PEGylated MS42 colloidal solution was filtered 

with a 0.45 μm GHP filter and diluted to 50 mL with D.I. water. The filtered colloidal 

solution was then heated at 90 °C for 24 h in a sealed vessel. The surfactant removal 

steps followed the centrifugation method described above. Finally, the surfactant-free 

PEGylated MS42 NPs were filtered using a 0.2 μm polytetrafluoroethylene (PTFE) filter. 

The products were stored at 4 °C until use. The PEGylated MS42 NPs without and with 

hydrothermal treatment were purified via centrifugation and are designated as 

MS42@PEG-c and MS42@PEG-hy-c, respectively. 

2.3.1.3 Characterization  
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TEM: TEM micrographs were taken on a JEOL 1200 EXII (Tokyo, Japan) with a 80 or 

100 kV voltage. TEM samples were prepared by dipping a Formvar-coated copper grid 

(Ted Pella, Redding, CA) into an ethanolic MS NP solution, and the grid was dried under 

air.  

XRD: XRD patterns were measured on a Siemens Bruker-AXS D-5005 X-ray 

diffractometer (Karlsruhe, Germany) using filtered Cu Kα radiation (λ = 1.5406 Å) at 45 

kV and 20 mA. Data were recorded by step scan with a step size of 0.040 and a dwell 

time of 1.0 s. 

N2-Sorption Measurements: Prior to measurements, sample were degassed at 120 °C 

for 12 h. The N2 adsorption-desorption isotherms were measured on a Quantachrom 

Autosorb-1 (Boynton Beach, FL) at 77K. The surface area and pore size of samples were 

determined by the Brunauer-Emmett-Teller (BET) and Barret-Joner-Halenda (BJH) 

methods, respectively. 

DLS: The hydrodynamic diameter measurements were carried out at either RT or 37 

°C using DLS with a Brookhaven 90Plus particle analyzer (Holtsville, NY) equipped 

with a 35 mW red diode laser (660 nm). All the particles were suspended in various 

media at a NP concentration of 1 mg/mL and filtered through a 0.2 μm GHP filter to 

remove any possible dust. Three 1 min runs were performed on each measurement. The 

average DLS diameter was calculated from three independent samples. The DLS size 

distribution was plotted using a log-normal analysis method. 

2.3.1.4 Quantification of Degraded Free Silicon Using a Blue Silicomolybdic Assay 

Surfactant-free MS42-d and MS42@PEG-hy-c NPs were suspended in D.I. water and 

PBS at 1 mg/mL concentration. These NP solutions were aged in PBS at RT and 37 °C 

for 10 days; then, the aged NPs were separated from the solution by centrifugation 

(66,226g, 30 min). The degraded silicon concentration in the supernatant was determined 

using a blue silicomolybdic assay (SMA).
26

 The silicon quantification was based on a 

calibration curve (0 ppm, 1 ppm, 5 ppm, 10 ppm, 20 ppm, 40 ppm, 50 ppm, and 60 ppm) 

made before sample measurements. The silicon quantification was performed in three 

independent experiments. 
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2.3.1.5 In Vitro Macrophage Uptake  

Mouse macrophage, Raw 264.7, cells obtained from American Type Culture Center 

(ATCC) were cultured in DMEM with 10% FBS and 1% PS under 5% CO2 atmosphere 

at 37 °C. Prior to macrophage uptake experiments, Raw 264.7 cells were trypsinized and 

seeded into 24-well plates at 3x10
5
 cells per well. After 24-h incubation, the cells were 

exposed to 1 mL of MS42-d and MS42@PEG-hy-c at a concentration of 200 μg/mL in 

DMEM+10% FBS media for 24 h. Cells incubated without MS NPs were used as control. 

The cells were then washed with PBS two times and lysed with 0.5 mL of acid solution 

containing 2% HNO3 and 0.1 % HF for 20 h at 37 °C. After digestion, the solutions were 

centrifugation at 10,016 g for 10 min. The supernatant was separated for silicon 

quantification. The silicon uptake amounts by the macrophage cells were determined by 

the blue SMA described in section 2.3.1.4. 

2.3.2 Results and Discussion 

2.3.2.1 Preparation and Characterization of Bare and PEGylated MS 

Herein, we prepared small MS NPs (<50 nm) with well-ordered pore structure based 

on highly dilute and basic conditions.
16

 The synthesis flow chart of bare and PEGylated 

MS NPs is illustrated in scheme 2.1. The template of the as-synthesized bare MS NPs 

with 42 nm diameter (MS42) was removed by two different methods, centrifugation
23

 or 

dialysis,
20

 and accordingly, are designated as MS42-c and MS42-d, respectively (Scheme 

2.1). In the preparation of PEGylated MS NPs, a short PEG-silane was added to 

functionalize the exterior of the MS42 NPs using a delayed modification method.
27,28

 In 

some cases, a hydrothermal treatment was introduced (to promote NP stability) before 

PEGylated MS NP template removal was accomplished by centrifugation; this product is 

designated as MS42@PEG-hy-c (Scheme 2.1). PEGylated MS NPs without hydrothermal 

treatment, for comparison, are named as MS42@PEG-c. 

Scheme 2.1 Preparation Flowchart of Bare and PEGylated MS NPs: MS42-c, MS42-d, MS42@PEG-c, and 

MS42@PEG-hy-c. 
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Figure 2.1 TEM images of surfactant-free (a) MS42-c, (b) MS42-d, (c)MS42@PEG-c, and (b) 

MS42@PEG-hy-c NPs.  

TEM images of MS42-c, MS-42-d, MS42@PEG-c, and MS42@PEG-hy-c showed 

that all particles had similar diameters of approximately 40 nm (Figure 2.1). The TEM 

images clearly reveal that the pore structure inside hydrothermally treated NP was not as 

ordered as the other three MS NPs (Figure 2.1d). Compared to MS42-d NPs, 

MS42@PEG-hy-c NPs also had a lower number of XRD peaks (Figure 2.2a) and a shift 

in the N2 adsorption–desorption isotherm capillary condensation to lower pressure 

(Figure 2.2b). Additionally, the total surface area of MS42@PEG-hy-c greatly decreased 

from 1131 (MS42-d) to 731 m
2
/g and pore size changed from 2.60 nm to 1.94 nm (Table 

2.1). These data support the pore order alteration by PEG-silane surface modification 

and/or incorporation into MS NP framework during the hydrothermal treatment. 

Comparison of the difference in surface area (from 943 to 731 m
2
/g) and pore size (from 

2.51 to 1.94 nm) between MS42@PEG-c and MS42@PEG-hy-c (Table 2.1), confirms 
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that PEG-silane modifies the internal pore and incorporates into the pore wall of MS NPs 

during the hydrothermal pore restructuring process. 

 

Figure 2.2 (c) XRD patterns of surfactant-free MS42-d and MS42@PEG-hy-c NPs. (d) N2 adsorption–

desorption isotherms of surfactant-free MS42-d and MS42@PEG-hy-c NPs. 

Table 2.1 Structural Properties of Surfactant-Free MS42-d, MS42@PEG-c, MS42@PEG-hy-c NPs, MS42-

d after 10-day PBS aging at 37 °C, and MS42@PEG-hy-c after 10-day PBS aging at 37 °C 

 

2.3.2.2 Hydrodynamic size and Long-Term Particle Stability of MS in Various 

Media 

The hydrodynamic diameter of the as-synthesized and extracted MS NPs in D.I. water 

at RT is summarized in Table 2.2. Except for the bare MS NPs purified using 

centrifugation, MS42-c, the hydrodynamic size of surfactant-free bare and PEGylated MS 

NPs was similar to their as-synthesized counterparts (Figure 2.3a and Table 2.2), showing 

that aggregation occurs during the high-speed centrifugation and redispersion of NPs via 

ultrasonication. Compared to MS42-d and MS42@PEG-hy-c NPs, the MS42-c NPs 

aggregated easily and settled after 30-min aging in PBS (Figure 2.4). Figure 2.3b
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Figure 2.3 Hydrodynamic size distribution of 1 mg/mL MS-42-c, MS42-d, and MS42@PEG-hy-c NPs 

measured by DLS at RT in various media: (a) D.I. H2O, (b) PBS, and (c) DMEM + 10%FBS. Long-term 

colloidal stability of (d) MS42-d and (e) MS42@PEG-hy-c NPs in various media at RT and 37 °C. Data 

represent mean ± SD from three independent experiments. Inset: a photograph of MS42@PEG-hy-c 

colloidal solutions after 10-day aging in D.I. H2O, PBS, and DMEM + 10%FBS at 37 °C. 

Table 2.2 Hydrodynamic Diameter of As-synthesized MS NPs (MS42, MS42@PEG, and MS42@PEG-hy) 

and Surfactant-Free MS NPs (MS42-c, MS42-d, and MS42@PEG-hy-c) Measured in D.I. Water at RT 
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shows a slight increase in hydrodynamic diameter 

for MS42-d NPs when they were dispersed in PBS 

and a significant size change upon dispersion into 

DMEM with 10% FBS (Figure 2.3c). The size 

change of the MS42-d NPs in both PBS and DMEM 

+ 10% FBS is likely due to charge neutralization of 

surface silanol groups by ionic species and rapid 

adsorption of proteins on the NP surface. 

Additionally, further examination of the long-

term stability of MS42-d and MS42@PEG-hy-c in 

D.I. water, PBS, and DMEM+10% FBS at RT and 37 °C was performed (Figure 2.3d and 

e). Both MS42-d and MS42@PEG-hy-c NPs were very stable in D.I. water, but MS42-d 

aggregated in highly salted media, and the temperature effect is profound for the bare MS 

NPs, with higher incubation temperature causing more extensive aggregation. For 

MS42@PEG-hy-c NPs, no significant size change was observed after even 10 days of 

aging in biological media at either RT or 37 °C, except for the PBS aging at 37 °C. Even 

though the hydrodynamic size of MS42@PEG-hy-c NPs gradually increased after 6-day 

PBS aging at 37 °C, the aggregates are still small (less than 100 nm). No visible particle 

precipitation was observed for these NPs after 10-day incubation in D.I. water, PBS, or 

DMEM + 10% FBS at 37 °C (see inset 

in Figure 2.3e). The stability 

comparison between MS42@PEG-c and 

MS42@PEG-hy-c NPs in PBS further 

showed that the hydrothermal treatment 

significantly improved the long-term 

stability of MS42@PEG-hy-c NPs 

(Figure 2.5). This is likely due to a 

greater number of PEG groups either on 

the outer or inner surface of the NPs as 

well as more complete silica 

Figure 2.4 A photograph of MS42-c, 

MS42-d, and MS42@PEG-hy-c colloidal 

solutions after 30-min aging in PBS at 

RT. 

Figure 2.5 Long-term particle stability of MS42@PEG-

c and MS42@PEG-hy-c NPs in D.I. water and PBS at 

RT. 
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condensation between silanol groups following hydrothermal treatment. 
29

Si NMR 

characterization of MS42-d, MS42@PEG-c, and MS42@PEG-hy-c NPs will be 

discussed later in section 2.4.2.3. 

 

Figure 2.6 (a) Degraded free silicon concentration from 1 mg/mL MS42-d and MS42@PEG-hy-c 

suspensions after 10-day aging in D.I. H2O and PBS at RT and 37 °C. Data represent mean ± SD from three 

independent experiments. XRD patterns of (b) MS42-d and (c) MS42@PEG-hy-c NPs after 10-day PBS 

aging at RT and 37 °C. 
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Figure 2.7 XRD patterns from (a) MS42-d and (b) MS42@PEG-hy-c NPs after 10-day aging in D.I. H2O 

at RT and 37 °C. 

2.3.2.3 Degradation of Bare and Hydrothermally Treated PEGylated MS NPs in 

Various Media  

Figure 2.6a shows the amount of free silicic acid, a clear indicator of NP degradation, 

from MS42-d and MS42@PEG-hy-c after 10-days in D.I. water and PBS incubation at 

RT and 37 °C, as quantified by a blue SMA.
25

 The degraded amounts from MS42-d were 

greater than MS42@PEG-hy-c after both 10 days in D.I. water and PBS at RT and 37 °C. 

Additionally, the aging temperature influenced the amount of dissolved silica. Higher 

temperature led to more silica dissolution in both D.I. water and PBS aging conditions. 

We also examined the XRD patterns of MS42-d and MS42@PEG-hy-c after 10-day 

aging in D.I. water and PBS at RT and 37 °C. In the case of D.I. water aging, the XRD 

patterns of aged MS42-d and MS42@PEG-hy-c NPs were almost the same as the unaged 



 38 

particles (Figure 2.7). In contrast, the pore structure of MS42-d and MS42@PEG-hy-c 

collapsed after 10-day PBS aging (Figure 2.6b and c). In both particles, the extent of pore 

collapse was more extensive at 37 °C than at RT.  

While the (100) peak of MS42-d NP 

XRD spectrum after 10-day PBS aging at 

37 °C is almost undetectable, it is still 

apparent in the aged MS42@PEG-hy-c NP 

spectrum. The evolution of porosity of 

MS42@PEG-hy-c is also examined by 

XRD and N2-physisorption measurements. 

The XRD pattern of MS42@PEG-hy-c 

changed from three distinct peaks to one 

peak after 1-day PBS aging at 37 °C 

(Figure 2.8). The pore structure is then 

almost unchanged even after 10-day PBS 

aging at 37 °C. Additionally, the percent 

retention of surface area of MS42-d and 

MS42@PEG-hy-c were 44% and 59%, 

respectively (Table 2.1). These data 

indicate the enhanced pore retention 

achieved by PEGylation of MS42 NPs during hydrothermal treatment. The comparison of 

dissolved silica amounts and the pore structure after 10-day PBS aging of MS42-d and 

MS42@PEG-hy-c NPs further demonstrates that the PEG modification and hydrothermal 

treatment of the MS NPs reduces the extent of MS NP degradation within biological 

media, yielding a stable NP with significant promise for in vivo applications. 

2.3.2.4 In Vitro Macrophage Uptake of Bare and Hydrothermally Treated 

PEGylated MS NPs 

The stealth property of MS42@PEG-hy-c NPs was studied by monitoring macrophage 

uptake. Figure 2.9 shows that MS42@PEG-hy-c NPs exhibited 70% reduction in the  

Figure 2.8 XRD patterns of MS42@PEG-hy-c after 

different aging time in PBS at 37 °C. 
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amount of macrophage uptake compared to bare 

MS NPs, MS42-d. The uptake percentage of 

MS42@PEG-hy-c NPs (200 mg/mL) by 

macrophages after 24-h exposure was only 0.5%, 

further confirming that PEGylated MS NPs with 

hydrothermal treatment yields greatly reduced 

protein adsorption, resulting in a resistance to 

nonspecific uptake by macrophage cells. 

2.3.3 Conclusions 

In summary, we have successfully improved 

the dispersity and increased the stability of small 

MS NPs in biological media using PEG 

modification and hydrothermal treatment. To the 

best of our knowledge, this is the first report of 

porous silica NPs with hydrodynamic diameter 

less than 100 nm and long-term stability in 

biological media at 37 °C. Additionally, compared to bare MS NPs, these hydrothermally 

treated PEGylated MS NPs are stable, resistant to protein adsorption, and curb 

macrophage uptake, enabling use as stealth nanotheranostics.  

2.4 Ultrastable, Redispersible, Small, and Highly Organomodified MS 

Nanotherapeutics 

Recently, most MS NP work has focused on the development of controlled release 

using novel methods such as chemical-
29,30

 or enzyme-cleavable bonding,
31,32

 pH-

responsive linkers,
33

 or acid-dissolvable ZnO NP
34

 and CaP coating
35

 as capping agents. 

However, dispersity of the developed NPs was not carefully examined for any of these 

controlled drug release MS NPs. Although these precedents successfully demonstrated 

that a drug can be released in a controlled manner, the most important requirement of 

using nanotherapeutics for in vivo cancer therapy is having a small hydrodynamic size 

Figure 2.9  Uptake amounts of silicon by 

Raw 264.7 macrophages after 24-h exposure 

of 200 mg/mL of MS42-d andMS42@PEG-

hy-c NPs. Data represent mean ± SD from 

three independent experiments with four 

replicates. 
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(<100 nm) in aqueous conditions. Even particles that are small initially will be taken up 

by the RES if they aggregate upon exposure to biological media, limiting the NP 

therapeutic efficacy. Additionally, to facilitate clinic use and storage of MS 

nanotherapetics, it is essential to develop a synthetic method to prepare redispersible MS 

nanotherapetics, those that may be dried and resuspended later with no change in 

hydrodynamic size or therapeutic efficacy. To date, only a few reports
36-41

 have 

demonstrated that the dispersity of MS NPs can be improved by coating the MS NP 

surface with a phosphonate,
36

 phospholipid,
37

 or polyethyleneimine-PEG copolymer.
38

 

However, the hydrodynamic sizes of these phosphate-, phospholipid-, or copolymer-

functionalized MS NPs were not carefully examined or are known to be larger than 100 

nm in buffered saline solutions. In very recent work, Urata et al. synthesized small MS 

NPs (∼20 nm) with an ethenylene-bridged silsesquioxane framework using 

bis(triethoxysily)ethylene precursors.
39

 Although this ethenylene-bridged MS NP showed 

high resistance to biodegradation, no hydrodynamic size data in highly salted solution 

were demonstrated to prove the colloidal dispersity and long-term stability. Other recent 

work reported by Cauda et al. developed a “liquid-phase calcination” method to remove 

surfactant in high-boiling solvents at high temperatures, preventing formation of 

irreversible NP aggregations.
40

 The high temperature calcinations in liquid-phase further 

increased the condensation within the silica network and, accordingly, the stability of the 

MS NPs. However, the hydrodynamic size of these liquid-phase calcined MS NPs was 

only measured in ethanol; again, no particle stability data were demonstrated in 

biological media at physiological temperature. To date, only our work showed that sub-

50 nm MS NPs (hydrodynamic size <100 nm) with a short-chain PEG surface 

modification and hydrothermal treatment exhibited enhanced long-term stability in buffer 

solutions and cell culture media at physiological temperature as compared to unmodified 

NPs and PEGylated NPs without hydrothermal treatment.
41

 However, no previous work 

has demonstrated or carefully evaluated MS NP redispersity in water or biological media. 

Herein, MS NPs were simultaneously functionalized with two types of organosilane 

(hydrophilic silane and hydrophobic silane) using the previously described hydrothermal 

treatment. The purpose of modification with both hydrophilic and hydrophobic silanes is 



 41 

to increase aqueous dispersity (using the hydrophilic silane) and reduce silica hydrolysis 

(using the hydrophobic silane) of MS NPs in aqueous solutions. These highly 

organomodified MS NPs were thoroughly characterized, and their long-term particle 

stability in biological media as well as their redispersity were examined by DLS. The 

compatibility of the highly organomodified MS NPs with human endothelial cells, skin 

fibroblasts, red blood cells, and platelets was assessed. The versatility of this synthetic 

method was demonstrated by the preparation of redispersible fluorescent and magnetic 

MS NPs. Furthermore, water-soluble doxorubicin and a poorly water-soluble version of 

doxorubicin were loaded into the highly organomodified MS NPs, and their redispersity 

was also examined by DLS. The in vitro therapeutic efficacy of these redispersible 

doxorubicin-loaded MS NPs on HeLa cancer cells was further evaluated by a traditional 

cell viability assay. 

2.4.1 Experimental Section 

2.4.1.1 Chemical and Reagents 

Unless otherwise specified, most of chemicals were mentioned in section 2.3.1.1. All 

chemicals were used without further purification.  

Trimethylchlorosilane (TMS) was purchased from Sigma-Aldrich (Milwaukee, WI). 

3,3,3-trifluoropropyl-dimethylchlorosilane (TFS) were obtained from Gelest (Morrisville, 

PA). Sodium hydroxide (NaOH) was obtained from Mallinckrodt (Phillipsburg, NJ). 10× 

Calcium- and magnesium-free Dulbecco’s phosphate-buffered saline (DPBS), and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) were obtained from 

Gibco/Invitrogen (Grand Island, NY). Minimum Essential Medium Eagle (MEM) was 

purchased from Hyclone (Logan, UT). SBF was prepared according to a reported 

protocol developed by Kokubo et al.
42

 Doxorubicin hydrochloride salt was purchased 

from LC Laboratories (Woburn, MA). 

2.4.1.2 Materials Characterization 

The characterization details of TEM, XRD, N2-Sorption, and DLS are described in 

section 3.3.1.2.  
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ζ-Potential Measurements: All MS NP solutions were prepared in D.I. water and SBF 

at a concentration of 1 mg/mL. ζ-potential was measured using a Brookhaven ZetaPALS 

Zeta-Potential Analyzer (Holtsville, NY). Five runs and ten cycles were set for each 

measurement. Each sample was measured three times.  

29
Si Solid State NMR: Solid state 

29
Si NMR spectra were recorded using a Varian 

VNMRS spectrometer operating at 1H Larmor frequency of 700 MHz. Samples were 

spun at the magnetic angle (10 kHz) in a BioMAS Varian triple resonance probe. A 

single 90° pulse was applied to the 
29

Si channel with 1H decoupling during data 

acquisition. A recycle delay of 30 s was used between scans. The area of the Q
4
, Q

3
, and 

Q
2
 peaks was calculated by Gaussian function fitting in OriginPro 8.5 software 

(Northampton, MA).  

Optical microscopy: Following 48-h exposure to DoxHCl-MS42@PEG/TMS-hy-c, the 

treated HeLa cells were washed with serum-free DMEM two times and observed under a 

Nikon Eclipse TE 2000-U inverted microscope (Melville, NY). The images were 

recorded using a Photometrics QuantEM 512SC camera (Tucson, AZ) with Meta-Morph 

imaging software (Molecular Devices, Downingtown, PA). 

2.4.1.3 Preparation of Hydrothermally Treated Highly Organosilane-Modified MS 

NPs  

First, 0.29 g of CTAB was added to 150 mL of 0.256 M NH4OH solution, sealed, and 

continuously stirred for 1 h at 50 °C. Then, 2.5 mL of 0.88 M ethanolic TEOS solution 

was added to the solution under continuous stirring. After 1 h, 450 μL of PEG-silane was 

added to the as-synthesized colloidal solution. The mixture was stirred for 30 min, and 

then 68 μL of TMS (for preparation of MS42@PEG/TMS-hy-c) or 86 μL of TFS (for 

preparation of MS42@PEG/TFS-hy-c) was added. After another 30 min, stirring was 

stopped and the obtained colloidal solution was aged at 50 °C for 20 h. The as-

synthesized modified MS NP solution was filtered with a 0.45 μm GHP filter and diluted 

to 50 mL with D.I. water. The filtered MS NP solution was then heated at 90 °C for 24 h 

in a sealed vessel for hydrothermal treatment. The surfactant removal steps followed the 

centrifugation method from previously reported work.
41

 The filtered as-synthesized 
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organomodified MS colloids were transferred to 50 mL of 6 g/L ethanolic ammonium 

nitrate by centrifugation (66,226 g, 30 min) and heated to 60 °C for 1 h with stirring. The 

NPs were washed once using 95% EtOH and then transferred to 50 mL of acidic ethanol 

solution (1 mL of concentrated HCl/1 L of ethanol) via centrifugation and heated to 60 

°C for 2 h under stirring. The extracted NPs were further washed with 95% ethanol and 

then 99.5% ethanol once. Finally, the surfactant-free MS42@PEG/TMS-hy-c or 

MS42@PEG/TFS-hy-c NPs were suspended in 99.5% ethanol and filtered using a 0.2 μm 

PTFE filter. The final products were stored in one of two ways, either in 99.5% EtOH or 

as a dry powder at either RT or 4 °C until use. The dry powder of products was obtained 

by evaporation from an ethanolic NP solution under vacuum. For MS25@PEG/TMS-hy-

c, the synthesis procedure was similar to MS42@PEG/TMS-hy-c; the differences were 

using 0.128 M NH4OH solution instead of 0.256 M NH4OH solution and changing PEG-

silane and TMS amounts to 360 and 52 μL, respectively. In addition, the aging condition 

was changed to 12 h at 60 °C. 

2.4.1.4 Redispersible Fluorescent and Magnetic MS NPs  

For synthesis of FITCMS42@PEG/TMS-hy-c, 1.9 mg of FITC was first dissolved in 1 

mL of 99.5% ethanol and 2 μL of APTS was then added to the FITC ethanolic solution to 

prepare the ethanolic FITC-APTS solution. The solution was stirred under dark 

conditions for 18 h at room temperature. Next, 0.29 g of CTAB was added to 150 mL of 

0.256 M NH4OH solution at 50 °C. Then, 1 mL of ethanolic FITC-APTES solution and 

2.5 mL of 0.88 M ethanolic TEOS solution were added simultaneously to the solution 

under continuous stirring. After 1 h, 450 μL of PEG-silane was added to the as-

synthesized colloidal solution. The solution mixture was stirred for 30 min, and then 68 

μL of TMS was added. After another 30 min, stirring was stopped and the obtained 

solution was aged at 50 °C for 20 h. The subsequent hydrothermal treatment and 

purification steps followed the procedure described previously.  

For synthesis of Fe3O4@MS@PEG/TMS-hy-c, the oleic acid-coated Fe3O4 was 

prepared based on a chemical co-precipitation method as described in our previously 

published work.
23

 First, 5 mL of aqueous solution containing 0.29 g of CTAB and 0.2 g 
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PVP was prepared. Then, 0.63 mL of 52 mg/mL hydrophobic Fe3O4 NPs (in chloroform) 

was added to the CTAB solution and ultrasonicated for 1 h to evaporate the chloroform 

and allow an aqueous suspension of the Fe3O4 NPs. The resulting Fe3O4 NP aqueous 

suspension was added to 150 mL of 0.256 M NH4OH solution and heated to 50 °C for 1 h. 

The subsequent synthetic conditions were based on the procedure described in the 

synthesis of MS42@PEG/TMS-hy-c. Then, 3 mL of 0.88 M ethanolic TEOS solution 

was added. After 1 h, 540 μL of PEG-silane was added to the mixture solution, and 30 

min later, 78 μL of TMS was added. After another 30-min stirring period, the obtained 

solution was aged at 50 °C for 20 h. The subsequent hydrothermal treatment and 

purification steps followed the procedure described previously. 

2.4.1.5 Redispersity and Long-Term Particle Stability of Co-Modified MSs in 

Various Media 

In this work, there were two ways to disperse purified NPs in D.I. water. For purified 

MS NPs suspended in 99.5% EtOH, the NPs were centrifuged, transferred to D.I. water, 

washed with D.I. water one time, and suspended at 2 mg/mL. For dry powder, 1 mL of 

D.I. water was added to 30 mg or 10 mg of organomodified or drug-loaded MS NP 

powder, respectively. The solution was sonicated for 5 min to homogenously redisperse 

the NPs. All the MS NP suspensions were diluted to 1 mg/mL in various media (PBS, 

DMEM+10%FBS, or SBF) by adding 2 mL of 2 mg/mL of MS NP stock solution in D.I. 

water to 2 mL of 2×PBS, DMEM+10%FBS, or SBF solutions. For long-term particle 

stability studies, the MS NP solutions were then aged for 15 days at 37 °C. 

2.4.1.6 Quantification of Degraded Free Silicon from Bare and Co-Modified MS NPs  

Surfactant-free MS42-d and MS42@PEG/TMS-hy-c NPs were suspended in SBF at 1 

mg/mL concentration. The MS NP solutions were aged in SBF at 37 °C. Then, 1 mL of 

the MS NP solution was taken from the solution at different time points. The aged MS 

NPs were separated by passing the aged solution through a Millipore Amicon Ultra 

centrifugal filter (MWCO 10,000) at 5250g for 5 min. The free degraded silicon 

concentration in the filtered solution was determined using a blue SMA on a Perkin-
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Elmer Lambda 12 UV-vis spectrometer (Waltham, MA) at 810 nm. The details of the 

SMA have been described previously in section 3.3.1.4. The silicon quantification was 

performed in three independent experiments. 

2.4.1.7 Biocompatibility of Bare and Co-Modified MS NPs 

MTT Viability Assay: Human endothelial cells (CRL-2922) and human skin fibroblast 

cells (CRL-2522) were purchased from ATCC. Typically, 6×10
4
 cells were seeded in 96-

well plates and cultured in DMEM (for endothelial cells) or MEM (for fibroblasts) 

supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2. After 24 h, the cells 

were incubated with 100 μL of different concentrations of MS42-d and MS42@PEG-hy-

c NP suspensions in serum-free media for 24 h. After NP incubation, the cells were 

washed with 100 μL of serum-free DMEM two times and incubated with 100 μL of 0.5 

mg/mL MTT media for 2 h at 37 °C under 5% CO2. Finally, the medium was removed 

and water-insoluble purple formazan crystals were dissolved in 200 μL of DMSO. The 

plate was placed on a rocking shaker for at least 20 min, and then 100 μL of the DMSO 

solution in each well was transferred to a new 96-well plate. Optical density of the 

produced stain was monitored at 570 nm, with 655 nm as a reference, using a Bio-Rad 

microplate reader (Hercules, CA). The cell viability was calculated using eq 1. Cells 

without NP exposure were used as a control. 

 

                            

  
                     

                      
                                  

 

Hemolysis Assay: Fresh EDTA-stabilized human whole blood samples were obtained 

from Memorial Blood Center (St. Paul, MN). The washed RBCs were prepared following 

our reported procedure.
43

 To examine the hemolytic activity of MS42-d and 

MS42@PEG/TMS-hy-c NPs, 0.2 mL of diluted RBC suspension (around 4.5×10
8
 

cells/mL) was added to 0.8 mL of 250 μg/mL of MS NP suspension solutions in PBS. 

The final concentration of MS NPs was 200 μg/mL. D.I. water (+RBCs) and PBS 

(+RBCs) were used as the positive control and negative control, respectively. All the 
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samples were placed on a rocking shaker in an incubator at 37 °C for 0.5, 1.5, or 3.0 h. 

After incubation, the samples were centrifuged at 10,016g for 3 min. The hemoglobin 

absorbance in the supernatant was measured at 540 nm, with 655 nm as a reference, using 

a Bio-Rad iMark microplate reader (Hercules, CA). Percentage of hemolysis was 

determined using eq 2. 

 

                     

  
                                                     

                                                               
 

                                                                                                                                                         

 

Lactate Dehydrogenase (LDH) Assay: Membrane integrity of human platelets after 

MS42-d and MS42@PEG/TMS-hy-c exposure was examined using the LDH assay. The 

LDH activity was measured using a BioVision LDH cytotoxicity assay kit (Milpitas, CA). 

Washed human platelets were obtained based on a protocol previously developed by our 

group.
44

 Typically, 0.1 mL of the washed platelets (around 2×10
8
) was added to 0.4 mL 

of 250 μg/mL of MS NP suspensions in PBS. The final NP concentration was 200 μg/mL. 

All the samples were placed on a rocking shaker in an incubator at 37 °C for 0.5, 1.5, or 

3.0 h. After NP exposure, the solution was centrifuged at 1900g for 8 min. Then, 10 μL 

of supernatant was transferred to a 96-well plate and 100 μL of water-soluble tetrazolium 

(WST-8) substrate mix was added. After 30 min, absorbance of the mixture solutions was 

measured at 450 nm with 655 nm as a reference, using a BioRad iMark microplate reader 

(Hercules, CA). The percent LDH release was calculated using eq 3. Cells without 

particle exposure and lysed with surfactant were used as the negative and positive control, 

respectively. 
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Reactive oxygen species (ROS) measurements: The human endothelial cells were 

seeded in a 96-well plate (6 x 10
4
 per well) and cultured in DMEM supplemented with 

10% FBS and 1% PS at 37 °C under 5% CO2. After 24 h, the cells were washed with 

serum-free DMEM (1% PS, no phenol red) twice and incubated with 100 μL of 20 μM of 

H2DCFDA (Invitrogen, Eugene, OR) in serum-free DMEM (1% PS, no phenol red) for 1 

hour. The cells were washed with serum-free DMEM (1% PS) one time and then 

incubated with 100 μL of different concentrations of MS42@PEG/TMS-hy-c NPs (0, 50, 

100, 200, 400, 600, 800, and 1000 μg/mL) in serum-free MEM (1% PS, no phenol red) 

for 24 hours. Then, the treated cells were washed with serum-free MEM (1% PS, no 

phenol red) two times. After adding 100 μL of PBS to each well, the fluorescence 

intensity of the treated cells were measured by a fluorescence microplate reader (BioTek, 

Winooski, VT) with excitation/emission at 485/528 nm. The ROS level is expressed as 

ratio of fluorescence intensity of the sample well (Fsample, cells exposed to 

MS42@PEG/TMS-hy-c) to control well (Fcontrol, cells without NP exposure). 

2.4.1.8 Drug Loading and Delivery of Co-Modified MS NPs 

Two types of doxorubicin, water-soluble doxorubicin hydrochloride (DoxHCl), and 

poorly water-soluble doxorubicin (Dox) were loaded into MS42@PEG/ TMS-hy-c in this 

study. The poorly water-soluble Dox was prepared by adding equal volume of 0.5 mg/mL 

of DoxHCl to 0.001 M NaOH. After 10 h, the solution was centrifuged at 10,016g for 5 

min. The obtained precipitated Dox was dried under vacuum. For drug loading conditions, 

about 10 mg of MS42@PEG/TMS-hy-c was added to 1 mL of 0.5 mg/mL of DoxHCl (in 

D.I. water) or 2 mL of 0.25 mg/mL of Dox (in DMSO/H2O = 1:1 solution) solution and 

stirred for 24 h at RT. The drug-loaded NPs were collected by centrifugation (66,226g, 

30 min) and washed with D.I. water one time. The obtained drug-loaded MS NPs were 

dried under vacuum. To determine the loaded amount of Dox in MS NPs, the drug-loaded 

NP powder (1.0-2.0 mg) was resuspended and ultrasonicated in 1 mL of DMSO and then 

allowed to stand overnight. Drug delivery from 1 mg/mL of DoxHCl-MS42@PEG/TMS-

hy-c and Dox-MS42@PEG/TMS-hy-c was assessed in SBF at 37 °C using UV-vis 

absorbance of Dox at 480 nm. Dried drug-loaded MS NPs were redispersed in SBF, and 
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the high salt concentration induced drug delivery. At each measurement time, a 1 mL of 

aliquot of the solution was collected and centrifuged. The obtained NPs were redispersed 

in SBF and added back to stock solutions of DoxHCl-MS42@PEG/TMS-hy-c and Dox-

MS42@PEG/TMS-hy-c. The optical density of the supernatant was measured at 480 nm 

(655 nm as reference) using the microplate reader. The released free Dox was determined 

compared to a calibration curve. 

2.4.1.9 In Vitro Therapeutic Efficacy of Drug Loaded Co-Modified MS NPs 

HeLa cancer cells (6×10
3
) were seeded in 96-well plates and cultured in DMEM 

supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2 for 24 h. The cells were 

incubated with 100 μL of the indicated concentrations of free DoxHCl, DoxHCl-

MS42@PEG/TMS-hy-c, or Dox-MS42@PEG/TMS-hy-c. After different incubation 

periods (24, 48, or 72 h), the medium was removed and the cells were washed twice with 

serum-free DMEM. The procedure for measuring HeLa cell viability was the same as that 

described in the MTT viability assay (section 2.4.1.7). 

2.4.2 Results and Discussion  

2.4.2.1 Synthesis and Characterization of Hydrothermally Treated Dual- 

Organosilane Modified MS NPs 

The synthesis procedure for hydrothermally treated, highly organosilane modified MS 

NPs followed in this work is shown in Scheme 2.2. To increase the dispersity and 

stability of the MS NPs, the as-synthesized bare MS NPs were simultaneously 

functionalized with two types of organosilane, a hydrophilic silane (PEG-silane), and a 

hydrophobic silane (TMS or TFS) before the surfactant removal step because irreversible 

aggregation often occurs during the surfactant removal process. In addition, hydrothermal 

treatment is a key step to increase the amounts of organosilane modification on the 

interior or exterior surface of MS NPs as demonstrated by our recently published work.
41

 

Herein, small MS NPs having 42 nm-diameter were modified with PEG/TMS or 

PEG/TFS using hydrothermal treatment and were purified by centrifugation (denoted as  
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Scheme 2.2 Schematic Illustration of Synthesis Procedure for Highly Organomodified MS NPs 

 

MS42@PEG/ TMS-hy-c and MS42@PEG/TFS-hy-c, respectively). In addition, smaller 

MS NPs (25nm-diameter) modified with PEG and TMS (denoted as MS25@PEG/TMS-

hy-c) were also synthesized using this hydrothermal co-modified method. TEM images of 

MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c are shown 

in Figure 2.10a-c. The TEM images show that both types of NPs have a hexagonally 

arranged pore structure, regardless of different hydrophobic silane modification or size. 

However, the pore structure inside these NPs is somewhat disordered due to organosilane 

incorporation into the silica framework during the hydrothermal silica restructuring 

treatment. The detailed hexagonally ordered cylindrical pore structures of 

MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c NPs are 

shown in the Figure 2.11. Only one strong peak (100) was detected in the low angle XRD 

patterns of MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c 

(Figure 2.10d), further confirming the 2-D hexagonal pore ordering inside particles 

observed in TEM images. Compared to MS42@PEG/TMS-hy-c, the (100) peak of 

MS25@PEG/TMS-hy-c is broader because of the short-range ordering of pore structure 

inside the particle. The N2 adsorption-desorption measurements of MS42@PEG/TMS-hy-

c and MS25@PEG/TMS-hy-c show that both particles exhibit a typical type IV isotherm 

(Figure 2.10e). The surface areas of MS42@PEG/TMS-hy-c and MS25@PEG/TMS-hy-c 

were 629 m
2
/g and 498 m

2
/g, respectively. Compared to the high surface area (1163 m

2
/g) 

of unmodified MS NPs (MS42-d) reported in our recent published work,
23

 a large surface 

area decrease occurred for these organomodified MS NPs. Also, there was a large 

decrease in pore diameter from 2.4 nm for MS42-d to 1.6 nm for MS42@PEG/TMS-hy-c. 

These results support that large amounts of short-length PEG and TMS were indeed 
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incorporated and modified either outside or inside the pores during the hydrothermal 

treatment, causing the decrease in pore size and surface area.  

 

Figure 2.10 TEM images of extracted (a) MS42@PEG/TMS-hy-c, (b) MS42@PEG/TFS-hy-c, and (c) 

MS25@PEG/TMS-hy-c. (d) Powder XRD patterns of extracted MS42@PEG/TMS-hy-c, 

MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c. (e) N2 sorption isotherms of extracted 

MS42@PEG/TMS-hy-c and MS25@PEG/TMS-hy-c. (f) Hydrodynamic size distributions of extracted 

MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c in SBF at RT (1 mg/mL). 

 

 
Figure 2.11 Enlarged TEM images of surfactant-free (a) MS42@PEG/TMS-hy-c, (b) MS42@PEG/TMS-

hy-c, and (c) MS25@PEG/TMS-hy-c NPs. 
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Figure 2.12 (a) Long-term colloidal stability of various MS NPs in SBF at 37 °C. (b) Long-term colloidal 

stability of MS42@PEG/TMS-hy-c NPs in various media: PBS, DMEM+10% FBS, and SBF at 37 °C. 

2.4.2.2 Dispersity and Stability of Hydrothermally Treated Dual-Organosilane 

Modified MS NPs 

To examine the dispersity of these organomodified MS NPs, they were directly 

transferred to a highly salted medium, SBF, by centrifugation, and their hydrodynamic 

size was measured using DLS. As shown in Figure 2.10f, the hydrodynamic size 

distributions of MS42@PEG/TMS-hy-c and MS42@PEG/TFS-hy-c were almost 

identical, and each had a hydrodynamic size of approximately 60 nm in SBF. Compared 

to the hydrodynamic size of as-synthesized MS42@PEG/TMS-hy-c and 

MS42@PEG/TFS-hy-c listed in Table 2.3, the hydrodynamic size of these modified NPs 

was still around 60 nm in SBF after nine repeated high-speed centrifugation and 

ultrasonication steps during the surfactant removal and redispersion process. In addition, 

the smaller MS25@PEG/TMS-hy-c NPs were also well-dispersed in SBF and had a 

hydrodynamic size of 40 nm, which was almost the same as the as-synthesized 

MS25@PEG/TMS-hy-c. All the polydispersity values (determined by DLS) of 

MS42@PEG/TMS-hy (0.005), MS42@PEG/TFS-hy-c (0.004), and MS25@PEG-hy-

c(0.014) NPs in SBF are close to zero, indicating that the samples are monodisperse, 

uniform, and well-dispersed in SBF. These results show that modifying the MS NPs with 

hydrophilic and hydrophobic silane can greatly improve their dispersity. However, the 

single time measurement of the hydrodynamic size of NPs only shows short-term 



 52 

stability (minutes). Long-term (days) particle stability of three types of MS NPs: bare MS 

NPs (MS42-d), highly PEGylated MS NPs (MS42@PEG-hy-c), and highly PEG/TMS 

dual-modified MS NPs (MS42@PEG/TMS-hy-c) was measured in biological media, 

including PBS, cell culture media (DMEM+10%FBS), and SBF at 37 °C. As shown in 

Figure 2.12a, the hydrodynamic size of MS42-d and MS42@PEG-hy-c in SBF increases 

over time. This result shows that these particles form irreversible aggregates in a 

biologically relevant environment. Interestingly, MS42@PEG-hy-c increased in size at a 

much slower rate, but MS42@PEG/TMS-hy-c and MS42@PEG/TFS-hy-c did not 

increase in size at all over a 15 day incubation period (Figure 2.12a), showing that the 

additional hydrophobic silane modification/incorporation on/into MS NPs improved the 

stability of hydrothermally treated PEGylated MS NPs. For the smaller 

MS25@PEG/TMS-hy-c NPs, no size change was observed even after 15-day aging in 

SBF at 37 °C. In addition, no significant size change of MS42@PEG/TMS-hy-c in other 

biological media after 15-day aging at 37 °C was observed (Figure 2.12b). All these 

results confirm that dual-silane surface modification via hydrothermal treatment 

significantly improves the MS NP stability in various biologically relevant media, even 

with a particle size as small as 25 nm. 

Table 2.3 Physicochemical Characteristics of Highly Organomodified MS NPs
a
 

 
a
The NP concentration is 1 mg/mL. The measurements were taken at R.T.; values presented mean ± SD 

from triplicate measurements. 

Another common problem in various nanotherapeutic candidates is irreversible 

aggregation once the NPs are dried. The redispersity of hydrothermally treated dual-

organosilane-modified NP powder was evaluated by drying the NPs from ethanolic 

suspensions using rotary evaporation (Figure 2.13a) and simply redispersing the NP  
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Figure 2.13 Digital pictures of (a) dry powder and (b) redispersed colloidal solution (30 mg/mL) of 

MS42@PEG/TMS-hy-c and MS25@PEG/TMS-hy-c. (c) Hydrodynamic diameter distributions of colloidal 

solutions prepared from MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c 

powder measured by DLS at RT in SBF. (d) Long-term stability of redispersed MS42@PEG/TMS-hy-c, 

MS42@PEG/TFS-hy-c, and MS25@PEG/TMS-hy-c NPs in SBF at 37 °C. Data represent mean ± SD from 

three independent experiments. Inset: a digital picture of MS42@PEG/TMS-hy-c colloidal solution 

prepared from MS42@PEG/TMS-hy-c powder after 15-day aging in SBF at 37 °C. 
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powder in D.I. water by ultrasonication for 5 min. One can clearly see well-suspended, 

optically transparent colloidal solutions (Figure 2.13b) prepared from either 

MS42@PEG/TMS-hy-c or MS25@PEG/TMS-hy-c powders. The hydrodynamic size 

distributions of MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, and 

MS25@PEG/TMS-hy-c NP solutions prepared from the powder samples are shown in 

Figure 2.13c. The hydrodynamic size of dried MS42@PEG/TMS-hy-c and 

MS42@PEG/TFS-hy-c was ∼60 nm in D.I. water and almost identical to as-synthesized 

MS42@PEG/TMS-hy-c and MS42@PEG/TFS-hy-c (Table 2.3). Even for 

MS25@PEG/TMS-hy-c with smaller diameter, the dried NPs can be reversibly dispersed 

into aqueous solution, and their hydrodynamic size was maintained at ∼40 nm (Figure 

2.13c). In addition, no substantial hydrodynamic size change (Figure 2.13d) or visible 

particle precipitate (inset photograph of  Figure 2.13d) was observed for any of the NP 

solutions prepared from MS42@PEG/TMS-hy-c, MS42@PEG/TFS-hy-c, or 

MS25@PEG/TMS-hy-c powders after 15-day aging in SBF at 37 °C. This result is a vast 

improvement over previously published work on improving MS NP dispersity.
36-41

 To the 

best of our knowledge, this is the first work synthesizing highly stable and redispersible 

MS NPs. 

2.4.2.3 Degradation of Hydrothermally Treated Dual-Organosilane Modified MS 

NPs 

A variety of methods were used to study the degradation of MS NPs in biological 

media. TEM images taken before and after 10-day SBF aging at 37 °C showed that 

MS42-d experienced a decrease in diameter (Figure 2.14a,b and Figure 2.15a,b) and had 

almost completely lost its porous structure following aging while MS42@PEG/TMS-hy-

c showed some degradation but still retained its size and porous structure (Figure 2.14c,d 

and Figure 2.15c,d). XRD patterns of the MS42-d and MS42@PEG/TMS-hy-c after 10- 

day SBF aging further confirmed that pore collapse was much more pronounced for 

MS42-d in SBF (Figure 2.14e). Colorimetric silicon assays showed that MS42-d 

experienced fast bulk silica degradation, followed by a decrease in silicon amount 

because of the formation and deposition of magnesium/calcium silicon layers on/in MS  
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Figure 2.14 TEM images of extracted MS42-d and MS42@PEG/TMS-hy-c before (a, c) and after (b, d) 

10-day SBF aging at 37 °C. (e) XRD patterns of extracted MS42-d and MS42@PEG/TMS-hy-c after 10-

day SBF aging at 37 °C. (f) Degraded free silicon amount from 1 mg/mL of MS42-d and 

MS42@PEG/TMS-hy-c colloidal solutions in SBF at 37 °C. 
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Figure 2.15 Particle size distributions of (a) MS42-d, (b) MS42-d after 10-day SBF aging at 37 °C, (c) 

MS42@PEG/TMS-hy-c, and (d) MS42@PEG/TMS-hy-c NPs after 10-day SBF aging at 37 °C. The size 

counts were based on TEM micrographs. 

NPs and a subsequent slow dissolution process. This result is similar to a published work 

reported by Shi and co-workers.
45

 In contrast, MS42@PEG/TMS-hy-c had a much slower 

dissolution behavior and degradation rate (Figure 2.14f) than that of MS42-d. 

In addition, 
29

Si solid-state MAS NMR was used to investigate the degree of silica 

condensation and connectivity of the organic groups to the silica framework in four types 

of MS NPs: MS42-d, MS42@PEG-c, MS42@PEG-hy-c, and MS42@PEG/TMS-hy-c 

(Figure 2.16). Spectra for all four types of MS NPs showed three peaks at -110 ppm (Q
4
, 

Si(OSi)4), 100 ppm (Q
3
, Si(OSi)3(OH), and 90 ppm (Q

2
, Si(OSi)2(OH)2). Q

4
, Q

3
, and Q

2
 

represent fully condensed silica, silica with one terminal hydroxyl group, and silica with 

germinal hydroxyls, respectively. For MS42@PEG-c and MS42@PEG-hy-c, two 

additional peaks were observed at -68 ppm (T
3
, R-Si(OSi)3) and -58 ppm (T

2
, R-Si(OSi)2-

(OH)), corresponding to the PEG-silane modification and incorporation into the MS NPs 
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(Figure 2.16b and c). For MS42@PEG/TMS-hy-c, one more additional peak was 

detected at 15 ppm (M
1
, R3-Si(OSi)), indicating the trimethyl group functionalization 

on/in the MS NPs. The relative ratio of partially and fully condensed silicon sites 

[(Q
3
+Q

2
)/Q

4
] calculated by integrating the peak areas yields an estimate of the degree of 

condensation in the silica framework. The (Q
3
+Q

2
)/Q

4
 ratios for MS42-d, MS42@PEG-c, 

MS42@PEG-hy-c, and MS42@PEG/TMS-hy-c are 1.6, 1.3, 0.90, and 0.77, respectively. 

This result shows that organosilane modification and hydrothermal treatment greatly 

increase the amount of fully condensed silica. In addition, compared to the highly 

negative charge on the MS42-d (-34.5 mV), a large decrease in surface charge on 

MS42@PEG/TMS-hy-c (-14.5 mV) and MS42@PEG/TFS-hy-c (-16.4 mV), as measured 

using ζ-potential analysis (Table 2.3), further confirmed that most of the surface silanol 

groups were eliminated by PEG and TMS functionalization through the hydrothermal  

 
Figure 2.16 

29
Si solid-state MAS NMR spectra of (a) MS42-d, (b) MS42@PEG-c, (c) MS42@PEG-hy-c, 

and (d) MS42@PEG/TMS-hy-c. 
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process. In summary, the high stability of these organomodified MS NPs was due to more 

fully condensed silica and more organosilane anchored during hydrothermal treatment. 

These changes resulted in higher resistance to silica dissolution (biodegradation) due to 

increased hydrophobicity
46

 and prevention of pore collapse
41

 and irreversible aggregation 

from silica deposition
25,45

 on the particles. Additionally, the high redispersity is likely 

attributable to large amounts of organosilane modification, completely eliminating either 

the outer surface or interior silanol groups. 

 

Figure 2.17 Viability of (a) human endothelial cells and (b) human skin fibroblasts after 24 h exposure at 

different concentrations of MS42-d and MS42@PEG/TMS-hy-c. (c) Percentage of hemolysis of RBCs and 

(d) percent LDH leakage from human platelets after exposure to 200 μg/mL of MS42-d and MS42 

MS42@PEG/TMS-hy-c for 0.5, 1.5, or 3.0 h at 37 °C. 

2.4.2.4 In Vitro Biocompatibility of Hydrothermally Treated Organomodified MS 

NPs 
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The biocompatibility of MS42-d and 

MS42@PEG/TMS-hy-c was first 

assessed by incubating the NPs with 

human endothelial and skin fibroblast 

cells. Compared to a significant 

decrease in viability caused by MS42-d 

as the NP concentration exceeded 200 

μg/mL, the MS42@PEG/TMS-hy-c 

NPs did not influence either the human 

endothelial or skin fibroblast cell 

viability even after 24-h exposure at 

1000 μg/mL (Figure 2.17a and b). In addition, no significant ROS were generated by 

MS42@PEG/TMS-hy-c in human endothelial cells after 24-h exposure (Figure 2.18), 

showing that the PEG and TMS modification did not produce species that were cytotoxic 

to mammalian cells. Since the MS42@PEG/TMS-hy-c is designed to be intravenously 

injected, its compatibility to RBCs and platelets was also examined by hemolysis and a 

LDH assay. Following a similar trend, 200 μg/mL of MS42-d NPs caused significant 

membrane damage in RBCs (> 90% cell lysis) and platelets (> 60% cell lysis) after 3-h 

incubation, but almost zero percent hemoglobin and LDH release occurred after 200 

μg/mL of MS42@PEG/TMS-hy-c NP exposure (Figure 2.17c and d). These results show 

that MS42@PEG/TMS-hy-c NPs are much more biocompatible than unmodified MS 

NPs and that the additional TMS modification does not cause any damage or produce 

toxic species. In addition, our very recent work studying the cytotoxicity of MS42-d and 

MS42@PEG/TMS-hy-c NPs under flow conditions with different shear stress further 

confirmed high biocompatibility of MS42@PEG/TMS-hy-c NPs.
47

 The details of this 

work are described in Chapter Three, section 3.4. 

2.4.2.5 Redispersible Fluorescent, Magnetic, and Anticancer Drug-Loaded MS NPs 

To further demonstrate the versatility of this hydrothermal-assisted dual-organosilane 

modification method, fluorescent and magnetic functionality were incorporated into these 

Figure 2.18 Effect of MS42@PEG/TMS-hy-c on ROS 

level generation in human endothelial cells. 
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ultrastable, redispersible, small, and highly organomodified MS NPs. First, a green 

fluorescentMS NP, called FITC-MS42@PEG/TMS-hy-c, was prepared by incorporating 

FITC into the MS42@PEG/TMS-hy-c with a commonly used co-condensation method.
7
 

The TEM image of FITC-MS42@PEG/TMS-hy-c showed no size or morphology change 

after FITC incorporation compared to MS42@PEG/TMS-hy-c (Figure 2.19a). To study 

the redispersity of FITC-MS42@PEG/TMS-hy-c, the dried powder of FITC-

MS42@PEG/TMS-hy-c was redispersed into D.I. water by ultrasonication, and its 

hydrodynamic size was measured using DLS (Figure 2.19b and c). The hydrodynamic 

size distribution of as-synthesized FITC-MS42@PEG/TMS-hy-c and powdered FITC-

MS42@PEG/TMS-hy-c confirmed the excellent redispersity of FITC-

MS42@PEG/TMS-hy-c. Yellowish and transparent NP solutions (in D.I. water or SBF) 

showing Tyndall light scattering behavior were prepared from powdered FITC-

MS42@PEG/TMS-hy-c samples (Figure 2.19d). The fluorescence of FITC-

MS42@PEG/TMS-hy-c under UV illumination was homogeneously distributed in SBF 

(Figure 2.19e). 

Similarly, magnetic MS NPs, denoted as Fe3O4@MS@PEG/TMS-hy-c, were 

synthesized using Fe3O4 NPs as cores upon which the MS shell was deposited. Figure 

2.19f shows that Fe3O4 NPs were successfully coated with a MS shell and functionalized 

with PEG/TMS. The Fe3O4@MS@PEG/TMS-hy-c NPs can be simply synthesized by 

adding Fe3O4 NPs prior to the silica condensation step in the synthesis procedure of 

MS42@PEG/TMS-hy-c. Again, the comparison of hydrodynamic size distribution 

(Figure 2.19g) between as-synthesized Fe3O4@MS@PEG/TMS-hy-c NP solution and 

Fe3O4@MS@PEG/TMS-hy-c solution prepared from powder samples (Figure 2.19h) 

showed the great resdispersity of Fe3O4@MS@PEG/TMS-hy-c powder. The 

homogeneous (Figure 2.19i) and clear NP solutions in D.I. water and PBS were prepared 

from Fe3O4@MS@PEG/TMS-hy-c powder. In addition, magnetic response of the NP 

solution was observed by placing a strong neodymium magnet close to the vial (Figure 

2.19j). It is worth mentioning that no NP separation from the solution over a long period 

of time (>2 h) further confirmed the truly redispersible nature of Fe3O4@MS@PEG/TMS 
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-hy-c and extremely high colloidal stability of resuspended Fe3O4@MS@PEG/TMS-hy-c 

NPs. 

 

Figure 2.19 (a) The TEM image, (b) hydrodynamic diameter distributions, (c) powder and (d) colloidal 

solutions (1 mg/mL) of surfactant-free FITC-MS42@PEG/TMS-hy-c NPs. (e) A photograph of 1 mg/mL 

of redispersed FITC-MS42@PEG/TMS-hy-c in SBF under UV illumination. (f) The TEM image, (g) 

hydrodynamic diameter distributions, (h) powder, and (i) colloidal solutions (1 mg/mL) of surfactant-free 

Fe3O4@MS@PEG/TMS-hy-c. (j) A photograph of 30 mg/mL of redispersed Fe3O4@MS@PEG/TMS-hy-c 

in D.I. water during exposure to a magnet. 

To explore the capability of the ultrastable MS42@PEG/TMS-hy-c NPs as anticancer 

drug delivery carriers, two types of doxorubicin, water-soluble doxorubicin 

hydrochloride (DoxHCl), and poorly water-soluble doxorubicin (Dox) were loaded to 

MS42@PEG/TMS-hy-c NPs, denoted as DoxHCl-MS42@PEG/TMS-hy-c and Dox-

MS42@PEG/TMS-hy-c, respectively. As shown in Figure 2.20a, DoxHCl can be 

completely dissolved in water but Dox formed significant aggregates in water. The 

DoxHCl and Dox loading into MS42@PEG/TMS-hy-c NPs were easily confirmed by the 

red color from drug-loaded MS42@PEG/TMS-hy-c NPs after separation from the NP-

incubated doxorubicin solutions by ultracentrifugation. The loading weight percentages 

(compared to overall weight of the particle) of DoxHCl and Dox in MS42@PEG/TMS-

hy-c NPs were 3.0% and 2.8%, respectively. The DoxHCl-MS42@PEG/TMS-hy-c and 

Dox-MS42@PEG/TMS-hy-c were dried under vacuum (Figure 2.20b) and redispersed 

into D.I. water by ultrasonication. Both DoxHCl-MS42@PEG/TMS-hy-c and Dox-
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MS42@PEG/TMS-hy-c powders can be resuspended, forming transparent aqueous 

solutions without observable precipitate (Figure 2.20c). Although doxorubicin-loaded MS 

NPs have precedent in the literature,
38,48,49

 none of the previous work has shown the 

hydrodynamic size or examined the particle dispersity after drug loading. Compared to a 

large hydrodynamic size (>2000 nm) of resuspended DoxHCl-loaded MS42-d (denoted 

as DoxHCl-MS42-d) NP solution, the hydrodynamic sizes of redispersed DoxHCl-

MS42@PEG/TMS-hy-c and Dox-MS42@PEG/TMS-hy-c NP solutions were both 

retained around 60 nm (Figure 2.20d), further showing that MS42@PEG/TMS-hy-c NPs 

can be used as excellent drug carriers, especially to improve the dispersity/solubility of 

poorly soluble drugs or hydrophobic drugs in aqueous solutions. In addition, even though 

the MS42-d NPs have higher loading capacity (4.5%) for DoxHCl, the poor dispersity, 

stability, and large hydrodynamic size (Figure 2.20d) of unmodified DoxHCl-MS42-d 

NPs in aqueous solution greatly limit their potential use in vivo. 

 

Figure 2.20 Photographs of (a) 1mM Dox and DoxHCl solutions, (b) powder, and (c) colloidal solutions of 

DoxHCl-MS42@PEG/TMS-hy-c and Dox-MS42@PEG/TMS-hy-c. (d) Hydrodynamic size distributions of 

redispersed DoxHCl-MS42-d, DoxHCl-MS42@PEG/TMS-hy-c, and Dox-MS42@PEG/TMS-hy-c. (e) 

Drug release profile from DoxHCl-MS42@PEG/TMS-hy-c and Dox-MS42@PEG/TMS-hy-c at pH 7.4 and 

pH 5.0 (n=3). 
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2.4.2.6 Drug Delivery and Cytotoxic Efficacy of Hydrothermally Treated 

Organomodified MS NPs 

Cumulative drug release profiles for DoxHCl-MS42@PEG/TMS-hy-c and Dox-

MS42@PEG/TMS-hy-c in SBF (pH = 7.4 and 5.0) at 37 °C are shown in Figure 2.20e. 

DoxHCl-MS42@PEG/TMS-hy-c exhibited very quick burst release (∼50% of drug 

release within 1 h at pH = 7.4), followed by a sustained, relatively slow release (∼60% of 

drug release within 48 h at pH = 7.4). The initial rapid release rate from DoxHCl-

MS42@PEG/TMS-hy-c NPs is likely attributable to the high solubility of DoxHCl and 

the DoxHCl drugs held weakly or without interaction to the interior surface of 

MS42@PEG/TMS-hy-c. Compared to DoxHCl-MS42@PEG/TMS-hy-c, Dox-

MS42@PEG/TMS-hy-c showed a much slower initial release rate and lower released 

amounts (less than 20 % of drug release within 48 h at pH= 7.4) because of the low 

solubility of Dox and strong hydrophobic interactions between Dox and TMS. This is the 

first example showing that the release behavior of doxorubicin from MS NPs depends on 

the solubility of doxorubicin. Furthermore, both DoxHCl-MS42@PEG/TMS-hy-c and 

Dox-MS42@PEG/TMS-hy-c exhibited faster release rate and greater release amounts in 

mildly acidic condition (pH = 5.0) due to higher solubility of both DoxHCl and Dox at 

lower pH (more protonated NH2 groups on DoxHCl and Dox). This acidic environment 

will be relevant if the drug delivery NPs are ever taken up into intracellular acidic 

organelles.
33-35

 

To examine whether the released doxorubicin was still able to kill cancer cells, the 

cytotoxic efficacy of DoxHCl-MS42@PEG/TMS-hy-c and Dox-MS42@PEG/TMS-hy-c 

on HeLa cells was investigated. The HeLa cells were incubated with either free DoxHCl, 

DoxHCl-MS42@PEG/TMS-hy-c, or Dox-MS42@PEG/TMS-hy-c at equivalent 

doxorubicin doses for 24, 48, or 72 h. The half maximal inhibitory concentration of 

doxorubicin (IC50) was determined by MTT viability data. The comparison of toxcity and 

IC50 of free DoxHCl andDoxHCl-MS42@PEG/TMS-hy-c on HeLa cells is shown in 

Figure 2.21a-c and Table 2.4. These data reveal that free DoxHCl and DoxHCl- 

MS42@PEG/TMS-hy-c have similar cytotoxicity to HeLa cells after 24-h incubation, 

and then MS42@PEG/TMS-hy-c shows enhanced cytotoxicity after 48-h or 72-  
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Figure 2.21 Cytotoxicity profile of DoxHCl-MS42@PEG/TMS-hy-c at equivalent free DoxHCl dose 

incubated with HeLa cells for (a) 24, (b) 48, or (c) 72h. Data represent mean ± SD from at least three 

independent experiments done in triplicate. Optical micrographs of HeLa cells after 48 h incubation with (d) 

medium (control), (e) free HCl, and (f) DoxHCl-MS42@PEG/TMS-hy-c. The doxorubicin concentration 

was 0.1 μM. 

h incubations. This result was further confirmed by optical microscopy images of HeLa 

cells after incubation with free DoxHCl and DoxHCl-MS42@PEG/TMS-hy-c at 

equivalent doxorubicin concentration (0.1 μM). Compared to the control image (only 

medium and serum incubation, Figure 2.21d), some viable cells were still observed after 

48-h free DoxHCl exposure (Figure 2.21e), but all the HeLa cells changed to spherical or 

irregular morphology (damaged or dead cells) after 48-h DoxHCl-MS42@PEG/TMS-hy-

c exposure (Figure 2.21f). The enhanced cytotoxicity of DoxHCl-MS42@PEG/TMS-hy-

c is likely due to the slow drug release from DoxHCl-MS42@PEG/TMS-hy-c NPs 

associated or taken up by HeLa after 24-h incubation. Therefore, more localized 

doxorubicin was delivered to HeLa cells. In addition, the comparison of cytotoxicity of 

DoxHCl-MS42@PEG/TMS-hy-c and Dox-MS42@PEG/TMS-hy-c is shown in Figure 

2.22a and b. Both exhibited dose and time-dependent cytotoxicity to HeLa cells. On the 

basis of IC50 data, DoxHCl-MS42@PEG/TMS-hy-c has cytotoxic efficacy on HeLa cells 

higher than that of Dox-MS42@PEG/TMS-hy-c; this is likely due to faster and higher 
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Table 2.4 IC50 of Free DoxHCl, DoxHCl-MS42@PEG/TMS-hy-c, and Dox-MS42@PEG/TMS-hy-c after 

24, 48, or 72h Incubation with HeLa Cells 

 

percentage of drug release from DoxHCl-MS42@PEG/TMS-hy-c NPs. Although the 

Dox-MS42@PEG/TMS-hy-c has lower cytotoxic efficacy, the poorly water-soluble 

doxorubicin is able to disperse well in aqueous solutions and kill cancer cells when 

delivered by MS42@PEG/TMS-hy-c. The slow release property of Dox-

MS42@PEG/TMS-hy-c may be useful for cases that require long-term cancer therapy. 

 

Figure 2.22 Cell viability of HeLa cells after different incubation times (24, 48, or 72 h) with different 

concentrations of (a) DoxHCl-MS42@PEG/TMS-hy-c and (b) Dox-MS42@PEG/TMS-hy-c. Data 

represent mean ± SD from at least three independent experiments done in triplicate. 

2.4.3 Conclusions 

In summary, the external and internal surfaces of MSNPs were co-modified with two 

types of organosilanes, a hydrophilic silane (PEG-silane) and a hydrophobic silane (TMS 

or TFS), accompanied by a hydrothermal treatment to increase their dispersity and long-

term colloidal stability in biologically relevant media. Importantly, these highly 
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organomodified NPs can be dried and redispersed into a buffer solution with no 

significant change in size or stability. To demonstrate the versatility of this hydrothermal-

assisted dual-organosilane modification method, we further demonstrated the redispersity 

of ultrasmall (25 nm), fluorescent, and magnetic comodified MS NPs. These highly 

organomodified MS NPs also exhibited high biocompatibility as measured by a red blood 

cell lysis assay, platelet membrane integrity assay, as well as unperturbed cell viability to 

human endothelial and skin fibroblast cells. In addition, a common anticancer drug, 

doxorubicin, with two different forms, water-soluble DoxHCl and poorly water-soluble 

Dox, were loaded into these highly organomodified MS NPs. Most importantly, these 

drug-loaded MS NPs can also be dried and resdispered in aqueous solution without 

significant hydrodynamic size change compared to unloaded MS NPs; this is especially 

important for the poorly water-soluble Dox-loaded MS NPs. This is the first example 

showing the redispersity of MS NPs after drug loading. The Dox-loaded MS NPs 

exhibited slower drug release kinetics and lower percent Dox release compared to 

DoxHCl-loaded MS NPs. Finally, these redispersible drug-loaded MS NPs showed dose- 

and time-dependent cytotoxic effects on cancerous HeLa cells. In fact, the DoxHCl-

loaded MS NPs exhibited cytotoxicity higher than that of free DoxHCl. We believe that 

these ultrastable, redispersible, and small MS nanotherapeutics have great potential in 

passive tumor targeting and therapy applications. 

2.5 Chapter Summary 

In conclusion, this chapter shows the development of highly stable, redispersible, and 

small MS NPs. Two types of organosilanes, hydrophilic silane (PEG-silane) and 

hydrophobic silane (TMS or TFS) and hydrothermal treatment are critical parameters to 

improve the colloidal stability of MS NPs in biological media at physiological conditions. 

These hydrothermally co-modified MS NPs are also shown to be excellent carriers 

(dispersion agents) for hydrophobic anticancer drugs. The next chapter will focus on in 

vitro toxicity studies of MS NPs using different cell types and assays. 
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Chapter Three 

In Vitro Biocompatibility of Mesoporous Silica Nanoparticles to Various Cell Types: 

Human Red Blood Cells, Mouse Mast Cells, and Human Endothelial Cells 
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(1) Lin, Y.-S.; Haynes, C. L. J. Am. Chem. Soc. 2010, 132, 4834-4842. 

(2) Maurer-Jones, M. A.; Lin, Y.-S.; Haynes, C. L. ACS Nano 2010, 4, 3363-3373. 

BioTEM sample preparation, parts of amperometry measurements, and data analysis 
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nonporous and porous silica nanoparticles and parts of amperometry measurements 
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fluorescent image measurements were performed by Donghyuk Kim. Synthesis and 
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nanoparticles were performed by Yu-Shen Lin. 
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3.1 Overview  

This chapter will focus on developing assessments of in vitro toxicity of MS NPs to 

human RBCs, mouse mast cells, and human endothelial cells using a (1) hemolysis assay, 

(2) an electrochemical assay of cell function and (3) a microfluidic device. First, we use a 

hemolysis assay to evaluate the toxicity of nonporous and porous silica NPs with varied 

sizes and investigate the effects of porous structure and integrity on the NP-cell 

interaction. The results show that both nonporous and porous silica cause RBC 

membrane damage in a concentration- and size-dependent manner. In the case of MS NPs, 

the size-dependent hemolysis effect is only present when the NPs have long-range 

ordered porous structure, revealing that pore structure is critical in cell-NP interactions. 

MS NPs show lower hemolytic activity than their nonporous counterparts of similar size, 

likely due to fewer silanol groups on the cell-contactable surface of the porous silica NPs. 

The extent of hemolysis by MS NPs increases as the pore structure is compromised by 

mild aging in PBS, initiating mesopore collapse. The pore integrity of MS NPs is 

examined by TEM, XRD, N2 adsorption-desorption isotherms, and quantification of 

dissolved silica. In these NPs, pore stability is clearly an important factor in determining 

the hemolytic activity; further work demonstrates that NP-induced hemolysis can be 

eliminated by modifying the silanol surface with a biocompatible polymer coating. 

In the second part of this chapter, we further explore the impact of nonporous silica 

and porous silica NPs on primary culture mast cells. Using TEM and inductively coupled 

plasma atomic emission spectroscopy (ICP-AES), we demonstrate that both nonporous 

silica and porous silica NPs are internalized by the mast cells, localizing primarily in the 

secretory granules. The porous silica NPs have greater uptake efficiency than nonporous 

silica NPs. The influence of NP-laden granules was assessed using carbon-fiber 

microelectrode amperometry (CFMA) measurements that reveal functional changes in 

chemical messenger secretion from mast cell granules. Both nonporous and porous silica 

NPs cause a decrease in the number of molecules released per granule, with nonporous 

silica also inducing a decrease in the amperometric spike frequency and, therefore, 

having a larger impact on cell function. As the two classes of silica NPs vary only in their 

porosity, these results suggest that, while the MS NP has a drastically larger total surface 
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area due to the pores, the cell-contactable surface area, which is higher for the nonporous 

silica NPs, is more important in determining a NPs’ cellular impact. 

In the last part of this chapter, nanotoxicity in the bloodstream was modeled, and the 

cytotoxicity of sub-50 nm MS NPs to human endothelial cells was investigated under 

microfluidic flow conditions. Compared to traditional in vitro cytotoxicity assays 

performed under static conditions, unmodified MS NPs show higher and shear stress-

dependent toxicity to endothelial cells under flow conditions. Interestingly, even under 

flow conditions, highly organomodified MS NPs show no significant toxicity to 

endothelial cells. This work clearly demonstrates that shear stress is an important factor 

to be considered in in vitro nanotoxicology assessments and provides a simple device for 

pursuing this consideration. 

3.2 Impacts of MS NP Size, Pore Ordering, and Pore Integrity on Hemolytic 

Activity   

3.2.1 Introduction 

Humans are exposed to silica, the most abundant substance in nature, extensively in 

our daily life from sources as ubiquitous as rocks, sand, and clays. Industrial silica 

products, such as fumed silica and silica gel, are widely used in the electronics industry 

and as a food additive.
1
 With the rapid advance of nanoscience over the past decades, 

nanosized nonporous amorphous silica has been investigated intensively and used in a 

wide variety of applications including catalytic supports,
2
 photonic crystals,

3
 gene 

delivery,
4
 photodynamic therapy,

5
 and biomedical imaging.

6
 Based on mature silica 

condensation chemistry, surfactant-templating methods can be easily applied to create 

amorphous MS NPs as well. These MS NPs have recently attracted much attention in the 

biomedical field due to their unique characteristics, including a large internal surface area 

and volume, making them excellent candidates for stealth drug delivery (assuming that 

their unintentional toxicity is minimal). Accordingly, much research effort has focused on 

developing multifunctional MS NPs for in vivo tumor imaging,
7
 labeling,

8
 and 

therapeutic use;
9,10

 it is clear that any potential cytotoxic effects of these NPs should be 

evaluated as the materials evolve to inform continued fabrication efforts. However, 
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compared to the many published reports investigating the in vitro and in vivo toxicity of 

nonporous silica NPs,
11-16

 there are very few studies systematically investigating the 

toxicity of MS NPs either in vitro or in vivo.
17-20

 Vallhov and co-workers studied the size 

effect of MS particles (with diameters of 270 nm and 2.5 μm) on the immune response of 

human monocyte-drived dendritic cells (MDDCs) and concluded that smaller particles 

had lower cytotoxicity to MDDCs.
17

 In contrast, recent work reported by Kohane and co-

workers compared the cytotoxicity of spherical MS particles having three different 

diameters (190 nm, 420 nm, and 1.22 μm) and concluded that the smaller particles show 

higher cytotoxicity on human breast cancer cells.
20

 Clearly, there is disagreement about 

the size-dependent cytotoxicity of MS NPs, but a more critical issue is that there is no 

size-dependent toxicity study of MS particles in the size regime relevant for iv injectable 

drug delivery NPs. For this application, the NP must be less than 100 nm diameter in 

order to avoid immediate uptake by the RES,
21

 a process which removes the NP from 

circulation and eliminates the opportunity to deliver the loaded drug. 

Because it has been possible to prepare nonporous silica particles with varied sizes for 

many years, nonporous silica particles have been employed in cytotoxicity studies 

investigating the effect of NP size. Multiple research groups have shown that ultrafine 

amorphous nonporous silica NPs (<50 nm diameter) reduce in vitro cell viability
13,14

 and 

cause more severe in vivo lung inflammation than that caused by fine silica particles 

(>200 nm diameter).
15

 In the case of MS toxicity studies, however, only NPs with 

diameters greater than 100 nm have been investigated either in vitro or in vivo, largely 

due to difficulties in fabricating uniform MS NPs with smaller diameters.
17-19

 Recently, 

several groups have demonstrated fabrication schemes to achieve smaller MS NP 

diameters in hopes of minimizing NP uptake by the RES when the biomedical porous 

NPs are administrated intravenously.
22-24

 With these recent advances, not only have MS 

NPs become a more plausible biomedical device but it is finally possible to evaluate the 

size effects on MS NP toxicity in a relevant size regime. In addition, up to now, none of 

the reported papers investigate the effect of pore structure and pore stability on MS 

hemolytic activity. Herein, we demonstrate how MS NP size, pore structure, and pore 
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stability influence cytotoxicity as compared to their nonporous counterparts with 

analogous size. 

Characterization of in vitro blood compatibility of the porous NPs is especially 

important because biomedical applications require the NPs to be delivered via iv injection. 

To date, only two papers compare the in vitro hemolytic activity between nonporous and 

porous silica particles.
24,25

 Slowing et al. reported that large MS particles (100-300 nm 

diameter) showed low hemolytic activity in RBCs compared to commercial silica 

particles and that the hemolysis of RBCs is strongly related to the number of silanol 

groups on the surface of the NPs.
25

 In the second report, our own previous work, it was 

clear that MS-coated multifunctional NPs exhibited lower hemolytic activity than 

nonporous silica-coated NPs.
24

 Neither of these reports, however, systematically 

investigates NP size, pore structure, and pore stability effects on the hemolytic capacity 

of MS NPs even though these characteristics are critical in determining the NPs’ utility 

for their intended application as a nanotherapeutic. 

In this work, nonporous Stöber and MS NPs with varied primary sizes ranging from 

∼25 to ∼250 nm diameter were prepared. A simple hemolysis assay is employed to 

assess and compare the human RBC compatibility of these nonporous and porous silica 

NPs. Hemolysis is also monitored following cell exposure to NPs with varied pore 

structure, stability, and surface modification, revealing the critical design parameters to 

achieve silica nanomaterials with minimal biological impact. This is the first work that 

systematically studies the influence of MS NP size (within a drug delivery-relevant 

regime), pore structure, and pore stability on hemolytic activity. 

3.2.2 Experimental Section 

3.2.2.1 Chemicals 

The chemicals used in this work have been described in section 2.3.1.1. 

3.2.2.2 Preparation of Nonporous Silica and MS NP 

Synthesis of Stöber silica (SS) NPs with Varied Sizes: Uniform nonporous silica 

nanospheres were synthesized using a well-known method developed by Stöber et al.
26 
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The nonporous silica particle diameter was tuned by varying the amounts of NH4OH and 

TEOS. The synthesis conditions and composition of the synthesis mixture are described 

in Table 3.1. The as-synthesized SS NPs were collected by centrifugation and washed 

with absolute ethanol twice to remove unreacted precursors. All SS NPs for hemolysis 

assays were suspended and diluted in PBS before use. The SS NPs with mean diameters 

of 24, 37, 142, and 263 nm are referred to as SS-24, SS-37, SS-142, and SS-263, 

respectively. 

Table 3.1 Synthesis Conditions of SS NPs with Varied Sizes 

 

Synthesis of bare MS and PEG-coated MS NPs with Varied Sizes: The porous silica 

NPs were prepared using an ammonia base-catalyzed method under highly dilute and low 

surfactant conditions.
27

 The particle size was controlled by adjusting ammonia 

concentration,
23

 TEOS volume added, and reaction temperature. The detailed synthesis 

conditions are shown in Table 3.2. Typically, 0.29 g of CTAB was dissolved in 150 mL 

of NH4OH solution (0.128, 0.256, 0.512, 0.768, and 1.024 M) at the desired temperature 

(30, 40, 50, 60 °C). Then, 0.88 M ethanolic TEOS was added to the solution under 

vigorous stirring (600 rpm). After 1 h, the mixture solution was aged for at least 12 h in 

static conditions. The as-synthesized colloid was transferred to 50 mL of ethanolic 

ammonium nitrate solution (6 g/L) with continual stirring at 60 °C for 1 h to remove 

surfactant. The surfactant extraction step was repeated two times to ensure removal of 

CTAB. The extracted NPs were washed with ethanol twice and resuspended in absolute 

ethanol. All MS NPs were suspended and diluted in PBS right before hemolysis assay use. 
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The MS NPs with mean diameters of 25, 42, 93, 155, and 225 nm are designated as MS-

25, MS-42, MS-93, MS-155, and MS-225, respectively. To modify the outer surface of 

MS NPs, 600 μL of PEG-silane (50% in ethanol) was added after the formation of MS 

NPs. Herein, two sizes of MS NPs, MS-25 and MS-42, were chosen as PEG-modified 

examples. The code names for PEG-modified MS NPs were MS-25@PEG and MS-

42@PEG, respectively. 

Table 3.2 Synthesis Conditions of MS NPs with Varied Sizes 

 

3.2.2.3 Characterization 

The details of materials characterization can be found in Chapter Two section 2.3.1.3. 

3.2.2.4 Assessing the Pore Stability of Bare and PEGylated MS NPs with Various 

Sizes  

All stability test samples were prepared in PBS solution at 2 mg/mL concentration and 

aged for 6 days at RT. Then, the aged NPs were centrifuged, and the supernatant was 

saved for hemolysis assays. The obtained NPs were washed with absolute ethanol two 

times and dried at 60 °C. The solid products were used for XRD and N2 adsorption-

desorption characterization. 

3.2.2.5 Hemolysis Assay 
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The details of the hemolysis assay procedure can be found in Chapter Two section 

2.4.1.7. 

3.2.2.6 Calculations and Data Analysis 

Every experimental condition was repeated at least three times in triplicate. All 

hemolysis data are presented as mean ± SD. The concentration leading to 50% lysis of 

RBCs (TC50) was determined using ED50plus v1.0 software.
14

 The statistical significance 

of the data was analyzed using the unpaired and two-tailed Student’s t test (Prism, 

GraphPad software, San Diego, CA). When p is less than 0.05, the difference between 

data sets was considered to be statistically significant. The detailed calculations of NP 

number density per gram of SS and MS NPs are described explicitly in the following. 

(I) Nonporous silica NPs, SS-24:  

Density of amorphous silica = 2.2 (g/cm
3
) 

a. The volume of each NP (V/NP) = 4/3 × π × (12 ×10
-7

)
3
 = 7.238 ×10

-18
 (cm

3
/NP) 

b. The number of SS-24 per gram, Z24 (No. NPs/g) 

Assumption: 1g of SS-24Z24 NPs  

(7.238 × 10
-18

 × Z24) × 2.2 = 1 

Z24= 6.3 × 10
16

 NPs/g 

The process above is also applied to calculate the number NPs per gram of SS-37, SS- 

142, and SS-263. 

(II) MS NPs, MS-25: 

Density of amorphous silica = 2.2 (g/cm
3
) 

Primary pore volume = 0.92 (cm
3
/g) 

a. In this case, the shape of MS-25 is assumed to be spherical, because of the short- 

ranged ordered porous structure. 

The total volume of each NP (V/NP) = 4/3 × π × (12.5×10
-7

)
3
 = 8.181×10

-18
 (cm

3
/NP) 

b. The number of MS-25 per gram, Y25 (No. NPs/g) 

Assumption: 1g of MS-25Y25 of NPs 

{( 8.181×10
-18

 ×Y25) – [ 1×0.92 (cm
3
/g) ]}×2.2 (g/cm

3
) = 1  

Y25 = 1.7 × 10
17

 (No. NPs/g) 
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(III) MS NPs, MS-42: 

Density of amorphous silica = 2.2 (g/cm
3
) 

Primary pore volume = 0.81 (cm
3
/g) 

a. In this case, the shape of MS-42 is assumed to be hexagonal, because of the long- 

ranged ordered porous structure. 

The total volume of each NP (V/NP) =
4

3
× (21×10

-7
)

2
×6×(42×10

-7
) = 4.812×10

-17
  

(cm
3
/NP) 

b. The number of MS-42 per gram, Y42 (No. NPs/g) 

Assumption: 1g of MS-42Y42 of NPs 

{(4.812 × 10
-18

 × Y42) – [ 1 × 0.81 ( cm
3
/g) ]}× 2.2 (g/cm

3
) = 1  

Y42 = 2.6×10
16

 (No. NPs/g) 

This calculation is further used to obtain the number NPs per gram of MS-93, MS-155,  

and MS-225. 

3.2.3 Results and Discussion 

3.2.3.1 Preparation and Characterization of SS and MS NPs  

In this study, two types of amorphous silica particles, nonoporous and porous NPs, 

were used to investigate the influence of NP size on hemolytic activity. The 

monodisperse nonporous silica NPs were prepared using the common base-catalyzed 

Stöber preparation. Typical TEM images in Figure 3.1 show the SS NPs having four 

distinct diameters. The size of SS NPs increases as the amount of TEOS and NH4OH 

used in the synthetic procedure are increased. On the basis of TEM images, the average 

diameter of these SS NPs is 24±2.9, 37 ±4.5, 142±12, and 263±14 nm, respectively 

(Figure 3.2). The surface area of the SS NPs with varied sizes was determined by 

measuring N2 adsorption-desorption isotherms and application of BET modeling. All the 

isotherms from SS NPs showed a typical type II isotherm that is characteristic of 

nonporous silica (one example shown in Figure 3.3).
28

 The BET surface area data show 

that the external surface area per gram of SS NPs decreases as the size increases, as listed 

in Table 3.3. 
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Figure 3.1 TEM images of SS NPs with varied diameters: (a) SS-24, (b) SS-37, (c) SS-142, and (d) SS-263. 

 
Figure 3.2 Particle size distributions of SS NPs with four different sizes: SS-24 (black), SS-37 (red), 

SS-142 (green), and SS-263 (blue). Data are from TEM micrographs. 
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Table 3.3 Surface Area of SS NPs and the Concentration of SS NPs Leading to a 50% Lysis of RBCs 

 

The porous silica NPs were 

synthesized by using a positively 

charged CTAB-template and NH4OH 

catalyst under dilute aqueous conditions. 

A photograph of the as-synthesized MS 

colloidal aqueous solutions shows that 

solution appearance changes from clear 

to turbid as the size of NPs increases 

(Figure 3.4). The Tyndall effect can be 

seen clearly when light passes through 

the transparent colloidal solution formed from 25-nm-diameter MS NPs. The TEM 

images and size distribution histograms in Figure 3.5 show the surfactant-free MS NPs 

with average sizes of 25±3.7, 42±6.5, 93±13, 155±19, and 225±18 nm, respectively. The 

size of MS NPs increases as the NP synthesis incorporates higher ammonia concentration, 

more silica precursor, and lower temperature conditions. The pore structure of all five 

MS NP sizes was examined using low-angle powder XRD (Figure 3.6a). For the four 

largest diameter NPs, MS-42, MS-93, MS-155, and MS-225, four characteristic XRD 

peaks, (100), (110), (200), and (210), are present which 

indicate 2D long-range ordering and a hexagonal pore 

structure. The XRD pattern of the smallest porous NP, 

MS-25, shows two broad peaks which suggest short-range 

ordering and a wormlike pore structure inside the NPs. 

This result can be confirmed visually in TEM images of 

MS-25 (Figure 3.5a). All of the N2 adsorption-desorption 

Figure 3.3 N2 adsorption-desorption isotherms of MS-

25 (blue line) and SS-24 (black line) NPs. 

Figure 3.4 A photograph of as-

synthesized colloidal solutions of 

MS NPs with varied sizes. The MS 

NPs were well-dispersed in 

aqueous solutions. 
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Figure 3.5 TEM images of surfactant-free MS NPs with varied sizes: (a) MS-25, (b) MS-42, (c) MS-93, (d) 

MS-155, and (e) MS-225. (f) Particle size distributions of five sizes of surfactant-free MS NPs. The data 

were from TEM micrographs. 

 
Figure 3.6 Characterization of surfactant-free MS NPs. (a) Low-angle (1.5-8°) XRD patterns of MS NPs 

with varied sizes.(b) N2 adsorption-desorption isotherms of MS NPs with varied sizes. 
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isotherms in Figure 3.6b exhibit a steep adsorption behavior at P/P0 around 0.35 without a 

hysteresis loop, known as a type IV isotherm according to IUPAC classification.
28

 To 

further compare the structural properties of the MS NPs with varied sizes, the interplanar 

spacing, unit cell, surface area, pore size, and pore volume data from XRD and N2 

sorption measurements are summarized in Table 3.4. The d100 spacing, BJH pore size, 

and primary pore volume of all MS samples with long-range ordered structure is around 

4.05 nm, 2.50 nm, and 0.85 cm
3
/g, respectively. Compared to well-ordered MS NPs, the 

MS-25 NPs have greater d spacing and pore size. In addition, the total pore volume of 

MS NPs per gram increases as the NP diameter decreases. The second adsorption of the 

isotherms at high relative pressure (P/P0> 0.8) represents the formation of interstitial 

pores among the dried NP agglomerates called textural porosity. The textural pore 

volume of MS NPs increases as the NP size decreases because more interstitial pores are 

formed between the smaller NPs. All the MS NPs have high total surface area ranging 

from 1038 to 1164 m
2
/g. One important thing to keep in mind is that the obtained total 

surface area includes both internal and external surface area. Quantitative external surface 

areas of the MS NPs with varied diameter are difficult to determine from the total surface 

area data. 

Table 3.4 Structural Properties of Surfactant-Free MS NPs with Varied Sizes 

 

3.2.3.2 Dose- and Size-Dependent Hemolytic Activity of SS and MS NPs 

The hemolysis assay was used to evaluate the cytotoxic effect of nonporous and porous 

silica NPs on human RBCs because silica materials have been known to cause membrane 

damage to RBCs.
29,30

 To determine the concentration leading to 50% lysis of RBCs (TC50) 

of each NP, the RBCs were exposed to each NP sample at a range of concentrations from 

3.125 to 1600 μg/mL for 3 h. The highest doses used in this work were chosen to model 
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doses often used for in vivo biodistribution, imaging, and therapeutic experiments. As 

shown in Figure 3.7a, the hemolysis percentage of RBCs increases in a dose-dependent 

manner. The photographs of RBCs after exposure to four diameters of SS NPs for 3 h are 

shown in Figure 3.7b. It is apparent that smaller SS NPs cause observable release of 

hemoglobin from damaged RBCs at lower NP exposure concentrations. This result 

demonstrates that the smaller particles have higher hemolytic activity than the larger 

particles. The concentration and number of SS NPs leading to 50% of lysis of RBCs for 

all SS NPs are listed in Table 3.3. Student’s t test analyses reveal significant differences 

among these TC50 values for all samples (p < 0.0001). These data reveal a near-linear 

correlation between TC50 and NP diameter (Figure 3.8). The higher hemolytic activity of 

smaller SS NPs may be due to the larger surface area per gram, indicating higher number 

of silanol group present on the cell-contactable surface of the smaller SS NPs. The dose- 

and size-dependent cytotoxicity of nonporous amorphous silica NPs has been previously 

investigated using in vitro MTT and LDH assays in two recently published papers.
13,14

 

Napierska et al. and Yu et al. concluded that the cytotoxicity of the tested nonporous 

silica NPs is strongly correlated to their size, because smaller particles have larger surface 

area per mass and show higher toxicity than larger particles. While it is true that toxicity 

mechanisms can be cell type-dependent, we have demonstrated herein that the simple 

 

Figure 3.7 (a) Percentage of hemolysis of RBCs incubated with four sizes of SS NPs at different 

concentrations ranging from 3.125 to 1600 μg/mL for 3 h. Data represent the mean ± SD from at least three 

independent experiments. (b) Photographs of hemolysis of RBCs in the presence of four sizes of SS NPs. 

The presence of red hemoglobin in the supernatant indicates damaged RBCs. D.I. water (+) and PBS (-) are 

used as positive and negative control, respectively. 
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 hemolysis assay results are similar to 

those achieved with more complicated 

and expensive assays and thus will be a 

good first line assessment for candidate 

injectable NPs. 

Having demonstrated that the 

hemolytic activity accurately predicted 

the toxicity of nonporous silica, we turn 

to a systematic study of the hemolytic 

activity of MS NPs with varied sizes 

(Figure 3.9). As with the nonporous NPs, 

dose-dependent hemolysis behavior was also observed in all cases with MS NPs (Figure 

3.9a). The size effect of MS NPs on hemolysis can be clearly seen when considering MS-

42, MS-93, MS-155, and MS-225 NPs (Figure 3.9b). The TC50 values for all MS NPs are 

listed in Table 3.5. With the exception of the MS-25 NP, the TC50 values decrease as the 

diameter of MS NPs decreases. The outlier characteristic of the MS-25 NP indicates that 

the size-dependent hemolytic activity holds only for MS NPs having a well-ordered 

mesoporous structure. Statistical comparisons showed significant differences between all 

samples (p<0.05) except for the comparison between MS-25 and MS-155 (p=0.1756), 

suggesting that the MS-25 and MS-155 have indistinguishable hemolytic activity. The 

MS-25 NP likely has lower than expected hemolytic activity due to the larger than 

expected pore size and greater primary pore volume (as shown in Table 3.4) compared to 

the larger diameter MS NPs, resulting in a smaller number of cell-contactable silanol 

groups on MS-25 NPs. 

In short, compared to SS NPs with similar size, MS NPs show a reduction in hemolytic 

activity due to the voids on the surface of MS NPs. In addition, RBCs can tolerate more 

MS NPs than SS NPs with a similar size (as shown in Tables 3.4 and 3.5). Based on the 

hemolytic activity difference between the well-ordered and moderately ordered MS NPs, 

Figure 3.8 Comparison of the TC50 of SS (square) and 

MS (circle) NPs with varied sizes. 
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it is clear that the pore structure of MS NPs, and thus the cell-contactable surface area, 

also influences the hemolytic activity of MS NPs. 

 

Figure 3.9 (a) Percentage of hemolysis of RBCs in the presence of five sizes of MS NPs at different 

concentrations ranging from 3.125 to 1600 μg/mL for 3 h. Data represent the mean ± SD from at least three 

independent experiments. (b) Photographs of hemolysis of RBCs incubated with four sizes of MS NPs. The 

presence of red hemoglobin in the supernatant indicates damaged RBCs. D.I. water (+) and PBS (-) are 

used as positive and negative control, respectively. 

Table 3.5 Concentration of MS NPs Leading to a 50% Lysis of RBCs 

 

3.2.3.3 Effect of Mesopore Stability of MS NPs on Hemolysis 

To further explore the role of mesopore structure on silica NP toxicity, pore stability 

was examined among the various MS NPs. Pore stability is a concern because the 

surfactant template that originally supports the pore structure is removed before 

intravenous introduction, in part to allow introduction of a drug cargo and in part because 

the CTAB surfactant itself is highly cytotoxic. In the course of performing the 

aforementioned experiments, experimental observation revealed that there was an 

increase in the hemolytic activity of MS-25 and MS-42 NPs when the NPs were aged in  
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Figure 3.10 Percentage of hemolysis of RBCs incubated with (a) MS-25 (square) and MS-25 after 6-day 

PBS aging (empty square); (b) MS-42 (circle) and MS-42 after 6-day PBS aging (empty circle). Low-angle 

XRD patterns of (c) MS-25 and MS-25 after 6-day PBS aging; (d) MS-42 and MS-42 after 6-day PBS 

aging. 

PBS for 6 days (Figure 3.10a and b) before RBC incubation. The significant differences 

among TC50 values (Table 3.5) between MS-25 and MS-25 after 6-day PBS aging and 

MS-42 and MS-42 after 6-day PBS aging were confirmed by student’s t test (p<0.0001). 

Three possible reasons were considered to explain this unintentional increase in apparent 

toxicity: residual surfactant, degradation product silicic acids, and pore collapse. The 

degradation of MS films and particles to monomeric and oligomeric silicic acids during 

aging in PBS solutions or SBF has been reported in two recent papers.
20,31

 Bass et al. 

revealed a dynamic change in the porous character of MS films under biological 

conditions and emphasized that this structural change would have significant implications 

on the use of these porous materials for drug delivery applications.
31

 He et al. found that 

compromised structures produced degraded silicic acid products but that these species 
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showed no toxicity to human breast cancer or African green monkey kidney cells.
20

 

While these two papers showed structural changes and examined the effects of any 

dissolved species, neither paper directly evaluates the impact of the altered mesoporous 

structure itself on cytotoxicity. To assess the three aforementioned possibilities, MS-25 

and MS-42 NPs were suspended in PBS at the particle concentration of 2000 μg/mL, and 

after 6 days, the aged NPs were separated from the solution by centrifugation. Then, the 

hemolytic activity of supernatant was examined. Compared to a control CTAB-hemolysis 

experiment, no hemolysis was observed from the supernatant of MS-25 after 6-day PBS 

aging or MS-42 after 6-day PBS aging (Figure 3.11). This implies that the amount of 

residual CTAB surfactant is less than 3.125 μg and not the source of increased hemolysis. 

 

Figure 3.11 (a) Percent hemolysis and (b) a photograph of RBCs in the presence of CTAB at different 

concentrations ranging from 3.125 to 100 μg/mL for 3 h. D.I. water (+) and PBS (-) are used as positive 

and negative control, respectively. Data represent the mean ± SD from three independent experiments. 

Photographs of RBCs incubated with (c) supernatant of MS-25 after 6-day PBS aging at 2000 μg/mL 

concentration and (d) supernatant of MS-42 after 6-day PBS aging at 2000 μg/mL concentration for 3 h. 
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Because the hemolytic activity of MS NPs is strongly correlated to their porous 

structure and their cell-contactable surface area, XRD and N2 adsorption-desorption 

measurements were applied to examine the pore integrity of aged MS NPs. The XRD 

data showed an intensity decrease in the (100) peak and disappearance of peaks at higher 

angles in both aged MS NP populations (Figure 3.10c and d). In addition, comparisons of 

TEM images between MS-25 and MS-42 without PBS aging and after 6-day PBS aging 

clearly showed that parts of the mesopores inside NPs collapsed after 6-day PBS aging 

(Figure 3.12). The disappearance of capillary adsorption in N2 adsorption-desorption 

isotherms (Figure 3.13) and the decrease in surface area and primary pore volume (as 

listed in Table 3.4) confirmed collapse of the mesopores inside NPs occurring during the 

PBS incubation.  

 

Figure 3.12 TEM images of surfactant-free (a) MS-25 without PBS aging; (b) MS-25 after 6-day PBS 

aging; (c) MS-42 without PBS aging; and (d) MS-42 after 6-day PBS aging. 
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Figure 3.13 N2 adsorption-desorption isotherms of (a) MS-25 and MS-25 after 6-day PBS aging; (b) MS-

42 and MS-42 after 6-day PBS aging. 

To further confirm the dissolution of MS NPs upon incubation in PBS and the 

subsequent pore collapse within the MS NPs, the quantity of silicic acid in solution after 

different PBS aging times was measured using the blue silicomolybdic assay.
32

 The 

concentrations of degraded free silicon from MS-25 after 30-min aging, MS-42 NPs after 

30-min aging, MS-25 after 6-day aging, and MS-42 after 6-day aging were 33, 37, 80, 

and 83 μg/mL respectively (Figure 3.14). These results show that both MS-25 and MS-42 

have similar dissolution rates during PBS incubation and that silica dissolution to silicic 

acid is fast and time-dependent. As previously discussed, the supernatant of the aged MS 

NPs was exposed to RBCs, and no detectable hemolysis was observed. These combined 

results demonstrate that the dissolved silicic acid species are not the source of increased 

hemolysis but that the liable feature must be a change in the NP surface itself. In fact, 

upon silica dissolution and pore collapse, the cell-contactable surface area is likely to 

increase, despite the total surface decrease, either by (1) elimination of void spaces or (2) 

lengthwise cracking of the pores to reveal the pore interior. To the best of our knowledge, 

none of the literature using MS NPs for drug delivery, imaging, and therapy has reported 

this pore collapse and its resultant effect on hemolytic activity. This work clearly 

demonstrates that the integrity of mesopores should be considered in future toxicological 

studies of MS NPs. 
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Figure 3.14 Degraded silicon concentration from 2000 μg/mL of MS-25 and MS-42 after different PBS 

aging times. Data represent the mean ± SD from three replicates. 

3.2.3.4. Influence of PEG Surface Coating on Hemolytic Activity of MS NPs 

To counter the increase in hemolytic activity of MS NPs-collapsed mesopores, a 

surface modification strategy was employed. Based on the improved biocompatibility of 

MS NPs functionalized with a PEG coating reported in our previous work,
24

 PEG-silane 

modified MS NPs were synthesized to compare the hemolytic activity with 

unfunctionalized MS NPs. As shown in Figure 3.15, the TEM images of surfactant-free 

 

Figure 3.15 TEM images of surfactant-free (a) MS-25@PEG and (b) MS-42@PEG. The inset is a high-

magnification TEM showing 2D hexagonal mesopores inside MS-25@PEG and MS-42@PEG. 
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Figure 3.16 Low-angle XRD patterns from (a) MS-25@PEG and MS-25@PEG after 6-day PBS aging; (b) 

MS-42@PEG and MS-42@PEG after 6-day PBS aging. 

MS-25@PEG and MS-42@PEG showed obvious porous structure within both NP 

populations. This result demonstrates that the PEG modification on the outer surface of 

MS NPs does not interrupt the ordering of mesopores. The mesopore stability in these 

modified NPs was examined after suspending PEG-coated MS NPs in PBS solutions for 

6 days. The XRD patterns show evidence for some pore collapse after aging (Figure 3.16). 

The hemolytic activity of the PEG coated MS NPs and PEG coated MS NPs after aging is 

shown in Figure 3.17a. Contrary to bare MS NPs, no hemolysis is apparent after 3 h 

blood incubation (Figure 3.17b and c), even at high NP doses (i.e., 1600 μg/mL) with 

collapsed mesopores. In addition, longer term biocompatibility of MS NPs was tested in 

the presence of MS-25@PEG after 6-day aging and MS-42@PEG after 6-day aging at 

the NP concentration of 1600 μg/mL. Neither of these aged NPs causes significant lysis 

of RBCs, even after 24 h incubation (Figure 3.18), revealing that PEG not only masks the 

surface silanol groups but also serves as a protecting layer, preventing the access of 

additional silanol groups from collapsed pores to RBCs. This simple surface modification 

strategy is critical to ensure the safety of MS NPs in biomedical applications. 

3.2.4. Conclusions 

In summary, systematic comparisons of cytotoxicity of nonporous and porous silica 

NPs with varied sizes have been demonstrated using a simple hemolysis assay. All the 

nonporous and porous silica NPs show dose- and size-dependent hemolytic activity on 
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Figure 3.17 (a) Percent hemolysis and (b, c) photographs of RBCs incubated with MS-25@PEG, MS-

25@PEG after 6-day PBS aging, MS-42@PEG, and MS-42@PEG after 6-day PBS aging. Data represent 

the mean ± SD from at least three independent experiments.  
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Figure 3.18 Percent hemolysis of RBCs in the presence of MS-25@PEG after 6-day PBS aging (black 

square) and MS-42@PEG after 6-day PBS aging (red triangle) monitored at different incubation times (3, 6, 

12, and 24 h). The concentration of MS-25@PEG after 6-day PBS aging and MS-42@PEG after 6-day 

PBS aging is 1600 μg/mL. Data represent to mean ± SD. 

RBCs, except for the case of the smallest MS NPs. Generally, smaller particles exhibited 

higher toxicity than larger particles as the TC50 was expressed as mass concentration. MS 

NPs showed a reduction of hemolytic activity compared to similar sized nonporous 

counterparts. In addition to this size effect, the porous ordering structure and stability also 

influence hemolytic activity of MS NPs. Dissolution of silica and the subsequent collapse 

of pores inside the porous silica NPs after aging in PBS was confirmed by elemental 

analysis, XRD, N2 adsorption-desorption isotherms, and TEM. The pore collapse leads to 

greatly increased hemolytic activity of MS NPs. It is possible to ameliorate the enhanced 

hemolytic activity of MS NPs via surface modification with a PEG-silane. This surface 

modification is a promising short-term solution to allow safe use of MS NPs. 

3.3 Functional Assessment of Nonporous and Porous Silica NP in Immune Cells 

3.3.1 Introduction 

There is currently significant worldwide effort to fabricate and characterize novel 

nanoscale materials, and as researchers vary the chemical composition, size, shape, and 

assembly of NPs, the potential applications seem endless based on the novel size-
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dependent chemical and physical properties. With this intense focus on nanomaterial 

development, there has been a boom in the number of consumer products commercially 

available that exploit nanoscience. Concurrently, the field of nanotoxicology has emerged 

in an effort to understand the interaction of nanomaterials with the environment and 

human physiology so that this technology can be used with minimal risk. Nanotoxicology 

faces many challenges as NPs, with many novel properties, are placed into complex, 

dynamic biological systems.
33,34

 One challenge is the limitation in technology to 

characterize NPs throughout their interaction with the biological system and to accurately 

quantify NP uptake location and concentration. Additionally, while a myriad of in vivo 

and in vitro nanotoxicity assessments have been performed to characterize the toxicology 

of engineered NPs,
33-35

 many of the assessment methods were designed to study 

molecular toxicants, which likely have different cellular interactions than NPs. The in 

vitro toxicity assays that are often employed for these studies do not necessarily 

accurately predict in vivo response,
36,37

 and they may fail in the presence of NPs.
38-40

 To 

overcome these limitations and gain a deeper understanding of NP-cell interactions, we 

have employed CFMA to explore fundamental questions regarding the impact of NPs on 

the critical cell function of exocytosis.
41,42

 During exocytosis, a highly conserved cellular 

function across cell types and species, intracellular granules fuse with the plasma 

membrane and the granule contents are released, enabling communication between cells 

through secreted chemical messengers.
43

 CFMA is a single-cell analysis technique that 

reveals a wealth of information regarding the biophysics of exocytosis, and accordingly, 

changes in this critical cell function should NPs interfere with any components of the 

exocytotic machinery. 

One cell type well-known for exocytotic delivery of chemical messengers is the mast 

cell. Mast cells are found in many tissues of the body and play a critical role in immune 

response,
44,45

 making them a good model for nanotoxicity studies. To mimic an in vivo 

response with the in vitro CFMA assay, we have chosen to co-culture primary murine 

peritoneal mast cells (MPMCs) with Swiss albino fibroblasts (3t3).
41,42

 Not only does this 

co-culture better simulate multicellular tissue, but it has also been demonstrated that the 

MPMC/3t3 co-culture allows the primary culture MPMCs to secrete more chemical 
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messenger molecules and maintain their exocytotic cell function in culture for up to a 

month.
46

 

While nanoscale particles can be fabricated with diverse elemental compositions, metal 

oxide NPs are of particular importance based their widespread use in a variety of 

crystalline forms. Specifically, silica NPs are the focus of this work because they are one 

of the most commonly used materials in commercially available products.
47

 SiO2, widely 

used as an additive in various commercially available products, has also become a critical 

NP in biomedical and biotechnological fields. Particular attention has been paid to MS 

composites because of their potential as a multifunctional template for diagnosis, imaging, 

targeting, and drug delivery.
48-50

 The porosity of these particles drastically increases the 

total surface area, allowing for the presence of more reactive surface atoms that have the 

potential to contribute to cytotoxicity. Within the nanotoxicology community, surface 

reactivity is of great concern as it is proposed to be a major cause of toxic response, likely 

through the production of reactive oxygen species.
51,52

 While it is thought that an 

increased surface area indicates an increase in surface reactivity because there are more 

surface atoms available to react with cells or the environment, there have been limited 

studies that directly monitor the impact that highly porous structures have on the toxicity 

of the NP.
18,19,25,53

 Herein, we aim to understand the NP-cell interactions of the porous 

particles as compared to their nonporous counterparts by exposing immune system cells 

to Stöber and MS NPs of similar diameter. 

This work demonstrates that MPMCs differentially internalize NPs with different 

porosities and experience variation in extent of toxicity. Using CFMA on NP-exposed 

MPMC/3t3 co-culture, we reveal new insights regarding the biophysical impact of silica 

NPs with varying porosity on exocytotic cell function of MPMCs, illuminating details 

about how a surviving cell adapts to the presence of silica NPs. 

3.3.2 Experimental Section 

3.3.2.1 NP Fabrication and Characterization  
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The 24 nm bare nonporous SiO2 NPs and 25 nm porous SiO2 NPs were synthesized 

according to the methods described in section 3.2.2.2. The details of XRD and N2 

adsorption-desorption measurements refer to Chapter Two, section 2.3.1.3. 

3.3.2.2 Cell Culture and NP Exposure 

3t3-Swiss albino fibroblasts, obtained from the ATCC (Manassas, VA), were grown in 

DMEM with 4.5 g/L glucose, 110 g/mL sodium pyruvate, and 4.00 mM L-glutamine and 

supplemented with 10% bovine calf serum (HyClone, Logan, UT), 100 g/mL 

streptomycin, and 100 U/mL penicillin (Gibco, Carlsbad, CA). Fibroblast medium was 

replaced every 2 days, and cells were passaged every 3-4 days. Before experiments, 

fibroblasts were plated onto uncoated 35 mm Petri dishes and allowed to grow to 

confluence prior to the mast cell collection. 

MPMCs were harvested from male wild-type C57BL\6J mice (Jackson Laboratories, 

Bar Harbor, ME) by peritoneal lavage. Before the peritoneal lavage, mice were 

euthanized according to protocol #0807A40164 as approved by University of Minnesota 

Institutional Animal Care and Use Committee. Then, 5 mL of cold growth culture media 

(same media and additives as described for fibroblast culture) was injected into the 

peritoneal cavity, and the abdomen was vigorously massaged for 2 min to loosen the mast 

cells from the tissue. The media was recovered, and the peritoneal cavity was rinsed 

twice with 2 mL of cold growth media. The collected media was centrifuged at 300g for 

6 min to isolate the cells; the supernatant was removed, and the cells were resuspended in 

fresh, warmed growth media. Harvested MPMCs were then plated onto fibroblasts that 

had grown to confluence and allowed to set for at least 1 h without disturbance. Both the 

MPMC/3t3 co-culture and fibroblasts alone were kept at 37 °C with 5% CO2. 

The MPMC/3t3 co-culture was exposed to nonporous SiO2 and porous SiO2 passively 

for 24 h through the addition of PBS-suspended NPs directly to the culture dish media so 

that the final NP concentration was 100 µg/mL, a median dose given in previous 

studies.
53,54

 Control exposures were performed by adding PBS to the cell culture in the 

same volume as the NP suspension to account for media dilution effects. 
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3.3.2.3 NP Uptake-Biological TEM and ICP-AES 

Bio-TEM sample preparation: MPMCs were harvested, plated, and exposed to NPs as 

detailed in the cell culture section, except that they were not co-cultured with fibroblasts. 

After 24 h exposure to NPs, cells were removed from the plate through vigorous rinsing 

with media from the plate and collected by centrifugation at 555g for 5 min. Cell pellets 

were rinsed three times with 0.1 M sodium cacodylate buffer, centrifuging at 89g 

between each rinse. Upon rinsing, cells were fixed using 2.5% glutaraldehyde  in 0.1 M 

sodium cacodylate buffer for 1 h. Cells were postfixed for 1 h using 1% osmium 

tetraoxide in 0.2 M sodium cacodylate buffer with minimal light exposure. The cells were 

dehydrated against a series of solutions with increasing ethanol concentration in water 

followed by exposure to propylene oxide. Finally, samples were infiltrated with 50% 

propylene oxide/50% Epon resin for 2 h and subsequently 100% Epon resin for 48 h, 

refreshing the resin five times within the 48 h period. The resin was cured at 45 °C for 24 

h followed by 60 °C for 48 h. Samples were sectioned using a diamond knife (Delaware 

Diamond Knives, Inc., Wilmington, DE) on an ultramicrotome (Reichert, Wien, Austria) 

into 60 nm thick sections. The sections were collected and stained with uranyl acetate and 

lead citrate on Formvar-coated copper TEM grids (Ted Pella, Redding, CA). Sections 

were imaged using a JEOL JEM-1200 EXII TEM (JEOL, Tokyo, Japan) with a 60 kV 

accelerating voltage. 

Samples for ICP-AES analysis: After harvesting and isolating the MPMCs from the 

peritoneal cavity, cells were resuspended in RBC lysis buffer prepared in-house followed 

by at least two rinses with PBS. RBC lysis buffer solution of 0.15 M NH4Cl, 10 mM 

KHCO3, and 0.1 mM EDTA was made with Milli-Q water, pH adjusted to 7.3, and 

filtered. Finally, the cells were resuspended in warm, fresh growth media and plated at a 

density of 1×10
6
 cells per well without fibroblasts in a 24-well plate. NP exposures were 

performed in triplicate as described in the cell culture section at both 100 and 200 µg/mL 

concentrations, after which wells were rinsed twice with PBS. Cells were removed from 

the well using a 0.25% trypsin solution, and the sample volume was diluted to 5 mL with 

an aqueous acid solution (5:1% HCl/HNO3). Prior to injection onto the ICP-AES 

instrument, nonporous and porous SiO2 samples were sonicated for 1 h. To complete the 
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digestion of SiO2 NPs, an aliquot of cell-NP suspension was mixed in a 1:1 ratio with HF 

and allowed to incubate overnight. A Perkin-Elmer Optima 3000DV ICP-AES system 

(Waltham, MA) was used to measure Si content of the SiO2 samples, monitoring Si 

emission at 251.611 nm. 

3.3.2.4 Carbon-Fiber Microelectrode Fabrication and CFMA 

Carbon-fiber microelectrodes were fabricated as outlined by Wightman and 

coworkers,
55

 where carbon fibers of 7 µm diameter were aspirated into 4 in. glass 

capillaries (1.2/0.68 mm od/id) and pulled with a micropipet puller (Narishige, Tokyo, 

Japan) to form a seal around the fiber. The fiber was secured using Epo-Tek 301 epoxy 

(Epoxy Technology, Billerica, MA), and electrodes were polished to a 45° angle using a 

diamond polishing wheel (Sutter Instruments, Novato, CA) and placed into isopropyl 

alcohol immediately before experiments. Electrodes were pretreated in a 0.1 M NaOH 

solution by cyclically scanning from -0.4 to 1.0 V versus Ag/AgCl (BASi, West 

Lafayette, IN) with a waveform frequency of 60 Hz for 15-30 s. For the CFMA 

experiments, cell media was replaced with Tris buffer, and the cell plate was maintained 

at 37 °C by DH-35 Petri dish warmer (Warner Inst., Hamden, CT) on a Nikon Eclipse 

TE2000U inverted microscope (Nikon USA, Melville, NY). Tris buffer solution 

consisted of 12.5 mM Trizma hydrochloride, 150 mM NaCl, 4.2 mM KCl, 5.6 mM α-D-

(+)-glucose, 1.5 mM CaCl2, and 1.4 mM MgCl2, with pH adjusted to 7.3 using NaOH. 

The carbon-fiber microelectrode was held at +700 mV versus Ag/AgCl, which is 

sufficient to oxidize serotonin released from MPMCs, and placed directly on the surface 

of a single MPMC. To stimulate the MPMC to exocytose, a micropipet made from an 

empty 4 in. glass capillary pulled to a diameter of 15-20 µm and filled with 10 µM 

A23187, a calcium ionophore, was placed 20-100 µm from the cell of interest. A 

Picospritzer III (Parker Hannifan, Cleveland, OH) was connected to the stimulant 

micropipet that enabled projection of a 3 s bolus of the ionophore onto the cell. A 

LabView module (National Instruments, Austin, TX) and a breakout box made in-house 

were utilized for control of experimental parameters and data acquisition. Data were 
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collected for 90 s, starting 3 s prior to stimulant projection. Electrodes were pretreated, as 

described above, after every cell and discarded after six cell measurements. 

3.3.2.5 Amperometry Data Analysis 

Amperometric traces were analyzed using MiniAnalysis Software (SynaptoSoft Inc., 

Fort Lee, NJ). A typical amperometric trace of MPMCs on fibroblasts contains ~150 

current spikes where each spike reveals secretion from a single serotonin-filled mast cell 

granule.
46

 The spike discrimination value was set at 5 times the root-mean-square of the 

current noise with an area threshold for each spike of 60 fC. Automated peak selection 

was performed followed by manual inspection of each spike to ensure accuracy of peak 

selection. The mean values of various spike parameters were combined for all cells 

within a given culture condition, excluding those cells with values 2 times the logarithmic 

standard deviation away from the logarithmic mean. While amperometric spike analysis 

reveals a myriad of information about the biophysics of exocytosis, two spike parameters 

of particular interest are the area under each spike (Q) and the amperometric spike half-

width (t1/2). Q can be used to determine number of molecules being released from each 

granule based on Faraday’s law, Q = nFN, where Q is the charge, n is the number of 

electrons gained or lost in the oxidation or reduction reaction, F is Faraday’s constant, 

and N is the number of moles of the secreted electroactive molecules. The t1/2 reveals the 

rate at which granules expel their contents. Spike frequency indicates the efficiency with 

which a cell transports, initiates, and completes granule cell membrane fusion. In all 

cases, amperometric traces were measured from a minimum of 16 cells in each condition, 

and the average of the each cell’s average spike parameter (Q and t1/2 only since each cell 

trace yields a single frequency value) was compared using pairwise student’s t-tests (p < 

0.05) (Microsoft Excel, Microsoft Corp, Seattle, WA). Significant changes in any of 

these parameters following NP exposure not only reveals NP-induced functional changes 

but also gives insight into the biophysics of these changes, creating the potential for 

informed NP redesign to control toxicity. 

3.3.3 Results and Discussion 
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3.3.3.1 NP Synthesis and Characterization 

The synthesis and characterization of nonporous SiO2 and porous SiO2 NPs used in 

this study has been described in Chapter Three, section 3.2.2.2 and Chapter Two, section 

2.3.1.3.  

3.3.3.2 NP Uptake  

To accurately assess NP impact on cell function, it is essential to first characterize the 

internalization of NPs. In the literature, NP uptake has been shown to depend on NP size 

and surface chemistry.
21,23,56

 Herein, TEM was employed to qualitatively characterize NP 

uptake, while ICP-AES was used to quantify NP uptake. Using TEM after a 24 h 

exposure to 100 µg/mL of NPs, the nonporous and porous SiO2 NPs are apparent within 

the cell regardless of the particle type and generally seen localized within the secretory 

granules of the MPMCs (Figure 3.19). On the basis of the TEM images, neither 

nonporous nor porous SiO2 NPs tend to agglomerate outside the cell during uptake. 

Because sectioned TEM images are not appropriate for quantification of cellular NP 

uptake, the complementary technique of ensemble-averaged atomic spectroscopy has also 

been employed herein. ICP-AES allows for quantification of cellular NP uptake by 

detection of silicon atomic emission, which can be converted to the number of NPs 

internalized by each cell. From the results shown in Table 3.6, where cells were exposed 

to nonporous and porous SiO2 NPs in varying concentrations (100 and 200 µg/mL) for 24 

h, we observed that cells take up significantly (p<0.05) more NPs when exposed to higher 

concentrations. It follows that decreasing the exposure concentration would likely yield a 

decrease in the number of NPs internalized by the cells. This supports many literature 

examples where an increase in NP dose has a greater influence on cell function and 

viability.
19,53,57

 The ICP-AES data also reveal that NPs are internalized differently based 

on the type of NP. It is readily apparent that porous SiO2 NPs are more efficiently 

incorporated into cells than their nonporous counterparts of the same size, potentially due 

to a higher degree of aggregation. This result is similar to a recently published paper 

where the authors showed that mesoporous SiO2 NPs exhibited higher cellular labeling  
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Figure 3.19 TEM images of MPMCs used in experiments showing NP uptake after 24 h exposure to 100 

µg/mL of (a) nonporous SiO2 and (b) porous SiO2. NPs appear to localize within the granules. Each scale 

bar = 2 µm. 

 
Table 3.6 ICP-AES Uptake Data in MPMCs after 24 h Exposure to 100 and 200 µg/mL Nonporous SiO2 

and Porous SiO2 

 



 99 

efficacy than nonporous SiO2 NPs.
58

 However, because ICP-AES data do not reveal NP 

localization within a cell, part of this could be due to extracellular adhesion rather than 

internalization. The combined picture of TEM-based localization information and ICP-

AES NP count reveals important trends about cellular uptake of NPs in and of itself. 

More important to this work, however, is the ability to correlate NP uptake with both cell 

viability and cell function. 

3.3.3.3 Effects of Porosity and Surface Area 

Studies have shown that mesoporous SiO2 NPs induce varying degrees of toxicity. 

That is, in vitro viability assays have shown decreased cell viability upon exposure to 

mesoporous SiO2.
18,19,53

 It has also been demonstrated that mesoporous SiO2 inhibits 

cellular and mitochondrial respiration
59

 and causes oxidative stress within the exposed 

cells.
60

 To our knowledge, however, these studies have not isolated the variable of 

porosity on the effects of toxicity and therefore are missing important information on a 

NP class with growing use. 

To examine the impact of NP porosity on cellular toxicity, the mast cells were exposed 

to one of two types of SiO2 NPs, where the only significant difference between the types 

was the porosity. Overall viability was measured by monitoring mitochondrial activity of 

mast cells using a MTT assay. The results reveal 

that porous SiO2 NPs do not influence mast cell 

viability (compared to control cells) but that cell 

viability drops significantly to 72% in the presence 

of nonporous SiO2 of the same dose (100 µg/mL) 

(Figure 3.20). In both cases, it is clear that at least a 

portion of the mast cells survive NP exposure for 

functional assessment. 

To reveal potential functional changes in 

surviving NP-exposed mast cells, real-time 

measurements of exocytotic function were 

performed following cell exposure to either porous 

Figure 3.20 MPMC/3t3 cell viability, as 

measured with the MTT assay, following 

exposure to different conditions: control, 

100 µg/mL nonporous SiO2 NPs and 100 

µg/mL porous SiO2 NPs for 24 h; *** 

indicates p < 0.005 (n = 4) compared to 

the control (n =4). 
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or nonporous SiO2 NPs. Representative amperometric traces from the MPMC/3t3 co-

culture can be seen in Figure 3.21. Analyzing the spike parameters, it is clear that both 

nonporous and porous SiO2 cause a decrease in amperometric spike area (Figure 3.22a). 

That is, there is a 23 and 22% decrease in the number of molecules released from an 

average granule during MPMC exocytosis when exposed to nonporous and porous SiO2 

NPs, respectively. This difference corresponds to a drop from an average of 1.09×10
7
 

serotonin molecules per granule to 8.40×10
6
 and 8.42×10

6
 serotonin molecules per 

granule, respectively. Interestingly, the porous and nonporous SiO2 NP-exposed cells are 

not distinguishable from one another (p>0.05) in regard to the number of chemical 

messenger molecules released, suggesting that it is the NP itself, not the porosity, that 

induces a change in chemical messenger storage/delivery. While neither nonporous nor 

porous SiO2 NPs significantly alter the kinetics of individual granule fusion or molecule 

secretion (i.e., no significant change in the t1/2; Figure 3.22b), the nonporous SiO2 NPs do 

cause a significant alteration to the frequency of granule release (decrease of 18%) as 

compared to the control (Figure 3.22c), indicating some disruption of granule trafficking, 

docking, or lipid membrane fusion that is avoided when MS NPs are used instead. While 

this characteristic of depressed molecular secretion is similar to that measured in previous 

work with Au NP-exposed mast cells,
42

 the lack of a correlated change in kinetics 

suggests that the presence of both nonporous and porous SiO2 NPs influences the 

serotonin content of the granule rather than the heparin proteoglycan sulfate matrix’s 

ability to unfold and release the serotonin. In addition, the alteration of secretion 

frequency suggests that nonporous SiO2 NPs interfere with the cytoskeletal machinery, 

fusion machinery, or membrane characteristics; this interference is unprecedented in 

measurements made using Au NPs. Therefore, it is clear that nonporous SiO2 NPs have 

an overall greater impact on the cell function of MPMCs than either their porous 

counterpart or nonporous Au NPs of similar size. These data suggest that both surface 

chemistry and surface area influence NP toxicity. Surface area is generally considered to 

be one of the greatest contributors to NP toxicity with an oft made simple assumption that 

larger surface area leads to more toxicity;
14,61

 however, the results presented herein  
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Figure 3.21 Representative amperometric traces from MPMCs co-cultured with 3t3 fibroblast following 

exposure to different conditions: control, 100 µg/mL nonporous SiO2 NPs, and 100 µg/mL porous SiO2 

NPs for 24 h. The bold line on each trace indicates the three second bolus of stimulant delivered to the cell. 

Traces were chosen that best represented averages per condition. 
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Figure 3.22 Average amperometry spike parameters from MPMCs in a co-culture with fibroblasts after 24 

h exposure to control conditions, 100 µg/mL of nonporous SiO2 NPs, and 100 µg/mL of porous SiO2 NPs. 

(A) Exposure to both nonporous and porous SiO2 NPs causes a decrease in average spike area (Q) as 

compared to control conditions but (B) does not affect the average half-width (t1/2) of the amperometric 

spikes. (C) Nonporous SiO2 causes a decrease in frequency of spike release as compared to the control. 

Error bars represent SEM, * indicates p < 0.05, and *** indicates p < 0.005. 

indicate that porous SiO2 NPs, with large internal surface areas, defy this trend. The more 

relevant measure is cell-contactable surface area, or the area with which cell membrane, 

cell-bound proteins, and cell-associated molecules can interact. While small, liberated 

proteins and molecules may adsorb within the NP, only cell-bound species are of interest 

in this case because they are involved directly in the exocytosis function. For these cell-

bound species to adsorb into the pores of the mesoporous SiO2 NPs, the NP and cell 

would have to align perfectly, and even then, the contactable surface by these species is 

minimal. Therefore, it appears that the greater external, cell-contactable surface area of 

the nonporous SiO2 yields a greater impact on cellular function. In our previous work, a 

comparison of the hemolytic activity between nonporous and porous SiO2 NPs of varying 

size also concludes that NP toxicity correlates to the cell-contactable surface area as 

opposed to total surface area.
62

 

3.3.4 Conclusions 

Safe implementation of nanotechnology requires an intimate understanding of 

biological materials interactions. A significant portion of nanotoxicology effort has 

focused only on in vitro cell survival following nanomaterial exposure. The work 

presented herein goes one major step further, examining cell function in cells that have 

survived the internalization of nonporous and porous SiO2 NPs. With an in vitro 
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MPMC/3t3 co-culture, we have demonstrated that nonporous SiO2 and porous SiO2 are 

internalized by the cells and interfere with cell function. From CFMA results, nonporous 

SiO2 causes the greatest impact on exocytotic cell function through a decrease in 

molecules released per exocytotic granule and a decrease in the frequency of release as 

compared to porous SiO2. The common viability MTT assay supports this trend that 

nonporous SiO2 has a greater impact on cells. Our results indicate that, while other 

properties may have toxic impacts, a major feature in predicting NP toxicity is the 

external surface area of the NP, and that while porous SiO2 are more readily taken up by 

cells, there is less cell-contactable reactive surface area to perturb cell function. 

Not only is the area of reactive surface available important for understanding NP 

toxicity, but our results suggest that the surface chemistry is also critical in determining 

the NP-cell interaction. That is, nonporous SiO2 NP causes significant impact on cell 

viability as well as disturbing the exocytotic cell function. In addition to supporting the 

role of surface chemistry in determining the NP-cell interaction, these data support the 

need for alternative methods of assessing cellular impact of NPs as the bulk assays did 

not reveal the altered cell function. Along with developing CFMA as a toxicological tool, 

continued work is needed to understand the causes of change in exocytotic cell function 

so that we may better control NP toxicity. 

3.4 On-Chip Evaluation of Shear Stress Effect on Cytotoxicity of MS NPs 

3.4.1 Introduction 

NPs have drawn significant attention in biological and medical sciences due to their 

promising characteristics for targeting, diagnosis, and drug delivery applications.
62-65

 

Toward realizing these NP applications, there have been intense in vitro and in vivo 

studies on the effects of NPs on biological systems. Unfortunately, there is poor 

correlation between in vitro and in vivo NP toxicity results,
36,66

 and accordingly, there is a 

great need for a new in vitro platform that better models relevant in vivo systems, 

facilitating a more accurate and deeper understanding of cell-NP interactions and the 

implications for resulting toxicity. One likely cause of the discrepancy between in vivo 

and in vitro assays is the nature of the environment in which the assays are performed. In 
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vivo environments are very complex and dynamic while in vitro environments are likely 

too simple and static. There are many ways to move in vitro assays toward a better mimic 

of the in vivo environment,
46,66-72

 and in this work, the dynamic nature of the in vivo 

environment is considered. 

Fluid flow is a critical feature in our body and known to be related to a variety of 

cellular behaviors.
73-75

 Flow may be especially important in considerations of NP toxicity 

as, in addition to the generated forces on the cells (i.e., shear stress onto endothelium) by 

flow, it will likely influence cell-NP contact time. To date, a small collection of studies 

have investigated particle interaction with cells under flow conditions as an indicator of 

leukocyte adhesion to the endothelium,
76-82

 but the direct effect of flow conditions on 

cell-NP interaction has largely gone unconsidered. 

Toward achieving physiological relevance in the study of cell-NP interaction under 

flow conditions, the cell type employed herein is human endothelial cells, the type of 

cells that line blood vessels. They are known to have flow-dependent behavior, such as 

morphology changes and activation,
73,74

 and will come in direct contact with injected NPs 

in the case of iv NP injection. The microfluidic system described herein enables human 

endothelial cell culture inside the device and investigation of NP-endothelium 

interactions under more in vivo-like, dynamic conditions. 

While many different nanoscale materials are being used or considered for use in 

consumer and/or therapeutic products, the NPs chosen for initial consideration herein are 

MS NPs. These materials are a promising candidate for controlled and stealth drug 

delivery based on their materials characteristics, including controllable size, large internal 

surface area, and easy surface modification.
50,83

 Prior to practical use in clinics with 

intravenous injection as a delivery method, however, the biocompatibility of MS NPs 

under dynamic flow conditions should be carefully examined and well characterized. To 

date, researchers have found that the MS NPs are nontoxic to mammalian cells at 

exposure concentrations less than 200 μg/mL,
50,59,84,85

 but all of these studies were 

performed under static conditions. 

Here, MS NPs are used as a model to study the shear stress effect on the cytotoxicity of 

NPs due to ease of uniform NP diameter control, incorporation of fluorescence or 
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magnetic function, and surface modification via silane coupling reactions. In this work, 

two types of fluorescent MS NPs with diameter less than 50 nm, unmodified fluorescein 

incorporated MS NPs (denoted as FMS) and organically modified FMS NPs, were 

synthesized, and their cytotoxicity to human endothelial cells was studied in a 

microfluidic device. 

3.4.2 Experimental Section 

3.4.2.1 Fabrication of Microfluidic Device and Cell Culture on Microfluidic Device 

Device fabrication: The microfluidic channels were fabricated using standard 

photolithography techniques. Mask device designs were printed on transparent film 

(Cad/Art Service Inc., Bandon, OR), transferred onto a 5” x 5” chrome mask plate 

(Nanofilm, Westlake Village, CA), and then developed in 351 developer solution (Rohm 

and Haas Electronic Materials LLC, Marlborough, MA). For completion of the mask, the 

exposed chrome layer was etched down in a chrome etchant solution (Cyantek 

Corporation, Fremont, CA), and then, the plate was washed and dried. To fabricate a 

device master, a 4-inch silicon wafer was cleaned using 1:10 hydrofluoric acid (Avantor 

Performance Materials, Phillipsburg, NJ):D.I. water solution for 1 minute to remove 

potential oxides on the surface, dried on a 115 °C hotplate, and spin-coated with a 

negative photoresist, either SU-8 50 or SU-8 2100 depending on the channel height 

(Microchem, Newton, MA). Channel width and height used in this research are described 

in Table 3.7, and the channel length is 20 mm for all devices. After a baking step, the 

photoresist layer was exposed to UV light through the previously prepared mask to 

transfer the channel images onto the photoresist. After another baking step, the wafer was 

developed in SU-8 developer. Upon completion of the master, Sylgard 184 elastomer and 

curing agent (Ellsworth Adhesives, Germantown, WI) were mixed in 10:1 weight ratio, 

de-gassed, cast onto the master and cured overnight at 95 °C. The polydimethylsiloxane 

(PDMS) layer was then cut and punched for inlet and outlet holes. After cleaning, the 

PDMS layer was permanently bonded onto a glass coverslip by oxygen plasma treatment 

at 100 W for 10 seconds. Glass coverslips were prepared before this bonding process by 

cleaning them in 1:1 volume ratio of 30% hydrogen peroxide and 99.9 % sulfuric acid 
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(Avantor Performance Materials, Phillipsburg, NJ) for 5 min followed by acetone, 

methanol, isopropyl alcohol, and D.I. water rinsing. 

The complete device was then brought into a biosafety cabinet and 20 µL syringe tips 

(Thermo Scientific, Rockford, IL) were inserted in both the inlet and outlet holes. The 

device was exposed to UV light for an hour and kept in the biosafety cabinet overnight to 

promote sterility. Then, the channels were washed using a 70 volume percent ethanol 

solution in sterilized Milli-Q water followed by sterile Milli-Q water rinsing three times. 

The device was dried and kept in the biosafety cabinet until use. This use of micropipette 

tips is trivial but worth noting as the tips addressed several practical issues. They 

facilitated exchange of the syringe without damaging the inlet and outlet holes as well as 

cell loading and feeding using standard culture procedures with minimal inducement of 

shear stress in the channel. 

Endothelial coating on a microfluidic channel: First, 250 µg/mL of human fibronectin 

(Invitrogen, Carlsbad, CA) in sterilized Milli-Q water was injected through the channel 

and the device was incubated under 5 % CO2 at 37 °C for an hour. Meanwhile, 

endothelial cells in a T-flask were washed with PBS (Invitrogen, Carlsbad, CA) solution 

3 times, trypsinized (Invitrogen, Carlsbad, CA), and kept in the incubator for 4 min. The 

trypsin solution containing endothelial cells was collected and re-suspended into two-fold 

volume of DMEM with high glucose, 10% fetal bovine serum and 1% penicillin and 

streptomycin in a centrifuge tube and centrifuged at 150xg for 5 min. During the 

centrifugation, fibronectin solution was removed from each channel. The obtained 

endothelial cell pellet was then re-suspended into the same DMEM media again with the 

desired cell density (5-8 x 10
6
 cells/mL), injected through the channel, and the device was 

kept in the incubator. After 2 h, the media was exchanged to remove non-adherent cells, 

and the endothelial cells in the device were fed every twelve hours. Cells were cultured in 

the device for a minimum of 3 days and maximum of 5 days to ensure that endothelial 

cells cover the entire channel surface as different cell number would significantly affect 

the cytotoxicity results. 

3.4.2.2 NP Synthesis and Characterization 
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The bare fluorescent MS NPs and highly organomodified fluorescent MS NPs were 

synthesized according to modified procedures described in Chapter Two, section 2.3.1.2 

and section 2.4.1.3, respectively. The characterization details have been described in 

Chapter Two, section 2.3.1.3. 

3.4.2.3 Microfluidic Device Operation and Measurements 

Shear stress control in microfluidic channels: Shear stress levels applied to the 

endothelial cells were controlled by adjusting channel dimensions and flow rate. Shear 

stress levels at given flow rate and channel dimensions were calculated using equation, τ 

= 6μQ/wh
2
, in which μ, Q, w, and h represent dynamic viscosity of the media (0.00084 

Pas), volumetric flow rate (75 μL/min), channel width, and channel height, respectively. 

The results were confirmed by computational fluid dynamics (CFD) modeling using 

COMSOL Multiphysics v4.1.  

Fluorescence imaging: The FMS and FMS@PEG/TMS NPs used in this research were 

synthesized with incorporated FITC to facilitate easy characterization of cell/NP 

interaction. Following cell exposure to NPs, the cells were washed with PBS for 3 min 

and then fluorescence imaging was performed on an inverted Nikon TE3000 microscope 

(Melville, NY).  

On-chip in vitro MTT assay: After visually insuring appropriate cell coverage of a 

microfluidic channel, the inlet and outlet tips were connected to syringes via 0.0038’’ ID 

Teflon tubes. One experiment consisted of two channels with full coverage of endothelial 

cells. One channel was used for the control purpose and exposed to media only, while the 

other was used for the experimental condition and exposed to the media containing NPs. 

The presence of any bubbles compromises shear stress control in the device, so extra care 

was taken to avoid and identify bubbles in the tips and device. Then, each channel was 

washed with DMEM with high glucose and 1% penicillin and streptomycin (henceforth, 

DMEM without serum) for 3 min, and the syringe was exchanged to that with either 

DMEM without serum (control) or DMEM without serum but containing 200 µg/mL NPs 

(experimental). After 2 h of flow, the syringe was changed to that with DMEM without 

serum to remove non-adherent NPs, and a 0.5 mg/mL of MTT solution was injected 
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through the channel for 1 min. After 2-h incubation, the tube was connected to a syringe 

filled with DMSO, and the channel contents were collected into an eppendorf tube. If 

needed, the total volume of DMSO in each eppendorf tube was balanced so that all tubes 

contained the same final volume. Absorbance of the collected DMSO solutions was 

measured in triplicate at 570 nm with 655 nm measurement for background, using a plate 

reader (Bio-Rad, Hercules, CA). Toxicity was assessed by taking the absorbance of the 

collected DMSO from the experimental condition channel (with NPs) and divided by that 

of the absorbance of the collected DMSO from control condition channel (without NPs). 

3.4.2.4 Dose Calculations for Flow Conditions 

The number of FMS per gram is based on the calculations described in section 4.2.2.6. 

(I) Potential volume of MS NP-containing fluid interacting with endothelial cell layer is 

calculated as following.  

Potential volume of MS NP-containing fluid interacting with endothelial cell layer = 

Diffusion length in z-axis (height) ×  channel width ×  total travel length     

                       
 

   
            

      

  
              

 

(II) Number of MS NP exposed to endothelial cells is calculated as following.  

Number of MS NP exposed to endothelial cells = Concentration ×  total volume of NP 

stream ×  number of NP per gram =  

      
     

     
                                               

3.4.3 Results and Discussion 

3.4.3.1 Shear Stress Control in Microfluidic Devices 

Herein, a microfluidic system is employed to investigate cell-NP interactions under 

controlled flow conditions (Figure 3.23). The microfluidic system consists of a simple 

channel but is an integrated platform on which cell culture, exposure to experimental 

conditions, imaging, and a cell viability assay are performed. Figure 3.23a-c shows the 

complete device, the design, and a schematic of the platform, respectively. The 
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microfluidic channel is fabricated in PDMS, and the uncomplicated design simplifies 

device production, fluid modeling and control, and device operation with the accurate 

control of flow. The shear stress levels targeted in this work range from 0 to 6.6 N/m
2
, 

based on physiologically relevant shear stress levels in various vessels of the human 

body.
75,86,87

 The shear stress (τ) levels at 75 μL/min flow rate with varying channel 

dimensions were determined using the equation (1), τ = 6μQ/wh
2
, in which μ, Q, w, and h 

represent dynamic viscosity of the media (0.00084 Pas), volumetric flow rate (75 

μL/min), channel width, and channel height, respectively.
86

 The calculated values for 

various devices used herein can be found in Table 3.7. While the equation above is 

generally accepted and used to estimate shear stress, this equation is obtained with an 

assumption that the channel width is infinite (i.e., that there are no side wall effects).
90

 

Accordingly, the numbers obtained using eq 1 were confirmed using CFD (Figure 3.23d). 

CFD provides steady state modeling of fluid rheology with given channel dimensions, 

allowing quantitative analysis of fluid rheology parameters on all four sides of the 

channel. COMSOL Multiphysics 4.1 software was used to produce a single phase laminar 

flow model with given channel dimensions and fluid properties at 37 °C. The model was 

simplified in length (set at 500 μm rather than the actual channel length of 20 mm) to 

reduce the amount of time for computing, and the volumetric flow rate at the inlet was set 

as described in Table 3.7. The shear stress patterns in all channel geometries were the 

same as shown in Figure 3.23d; at the bottom channel surface, the effective zone (the 

zone where the shear stress level changes less than 1 unit from the reported value) of 

shear stress across all channel geometries was ∼10 μm thick at minimum, indicating that 

the endothelial cells, which are sitting on the bottom surface of the channel, experience 

the intended shear stress level. All the modeled values reported herein are the maximum 

shear stress values from each model geometry. According to Table 3.7, the COMSOL 

modeling confirmed that accurate control of shear stress in a physiologically relevant 

range could be achieved in endothelial cell-coated device channels. The channels with 

150 μm width showed slightly higher shear stress level in modeled results than in the 

calculated ones (e.g., 6.6 N/m
2
 calculated versus 7.3 N/m

2
 modeled for the 150W80H 

case), and the geometries with 300 μm width (higher aspect ratio than 150 μm cases) 
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showed more accurate shear stress control, indicating that high aspect ratio devices may 

be advantageous for controlling shear stress in a device in future work. Further 

optimization will be necessary to find the channel dimensions that provide 

physiologically relevant environments with fine control of shear stress. 

 

Figure 3.23 (a) Complete device (14 single channels on a microscope slide), (b) device design, (c) cross-

section operation schematic, and (d) an example of COMSOL simulation with channel dimensions of 300 

μm, 80 μm, and 500 μm for width, height, and length, respectively. Flow rate is set 75 μL/min. 

 

 

 
Table 3.7 Summary of Shear Stress Levels Calculated and Modeled in the Given Channel Dimensions 

 
a 
W:width (µm); H: height (µm) 
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Figure 3.24 (a, b) TEM images and (c) XRD patterns of surfactant-removed FMS and FMS@PEG/TMS 

NPs. (d) Hydrodynamic size distribution of FMS and FMS@PEG/TMS measured by DLS at RT in cell 

culture medium (200 μg/mL). 

3.4.3.2 Shear Stress Effects on MS NP Toxicity in Human Endothelial Cells 

The unmodified FMS and organically modified FMS NPs were synthesized using our 

published and recently developed methods.
65,91

 The TEM images of FMS NPs and 

PEG/TMS-modified fluorescent MS NPs (denoted as FMS@PEG/TMS) show that both 

FMS and FMS@PEG/TMS have similar diameter (∼40 nm) (Figure 3.24a and b). In 

addition, the TEM images and XRD patterns (Figure 3.24c) reveal that the pore structure 

inside FMS@PEG/TMS NPs is not as ordered as FMS, confirming a high amount of 

organic silane modification on either the outer or the interior surface of FMS NPs. 

Compared to the hydrodynamic diameter of FMS NPs (∼200 nm) in serum-free cell 

culture medium (DMEM), the FMS@PEG/TMS NPs have smaller hydrodynamic 

diameter (∼60 nm), showing that unmodified FMS NPs aggregate in a highly salted 

environment while the PEG/TMS modification prevents aggregation of FMS NPs (Figure 
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3.24d). The incorporated fluorophore, FITC, facilitated fluorescence imaging to assess 

NP association with the endothelial cells under controlled shear stress conditions. Panels 

a,e and b,f of Figure 3.25 show bright field and fluorescence micrographs, respectively, 

obtained after 2 h endothelial cell exposure to FMS NPs at different shear stress levels 

following a PBS wash to remove non- or weakly adherent NPs. The fluorescence imaging 

confirms that a portion of the presented FMS NPs were strongly associated with 

endothelial cells under both conditions, while no significant amount of FMS@PEG/TMS 

NPs was observed under the same flow conditions (Figure 3.25 c,g and d,h). 

 

Figure 3.25 Bright field and fluorescence images of endothelial cells exposed to FMS (a, b, e, and f) and 

FMS@PEG/TMS (c, d, g, and h) NPs for 2 h at 200 μg/mL concentration in two different shear stress 

conditions: a, c, e, and g are under a shear stress level of 3.3 N/m
2
 and b, d, f, and h are under a shear stress 

level of 6.6 N/m
2
. Compared to FMS NPs (e and f), FMS@PEG/TMS NPs associate significantly less with 

endothelial cells than unmodified NPs under the same conditions (g and h). 

To investigate the cytotoxicity of these associated FMS NPs to endothelial cells under 

various shear stress conditions, an in vitro viability assay, the MTT assay was performed. 

The MTT assay is a well-established method used to assess cytotoxicity of both 

molecular toxins and NPs in many studies.
14

 While the MTT assay has been shown to 

produce false positive results in the presence of some nanoscale materials,
92

 previous 

work has clearly established that it is an appropriate choice for toxicity assessment of 

silica NPs.
20

 A NP concentration of 200 μg/mL in serum-free cell culture medium was 

chosen for comparison with previous work where significant toxicity was apparent in 
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endothelial cells after 24 h incubation in static conditions.
50,59,84,85

 A direct comparison of 

cytotoxicity was performed under static conditions and shear stress conditions, with shear 

stress ranging from 0.5 to 6.6 N/m
2
. Within the healthy human body, arterioles (< 200 μm 

in diameter) and capillaries (< 20 μm in diameter) experience an average of ∼5 to 6 N/m
2
 

shear stress, but these values can fluctuate depending on the person and condition.
75,86-89

 

Thus, the shear stress values used here represent NP exposure conditions upon 

introduction into normal or abnormal arterioles or capillaries. Figure 3.26a shows the 

toxicity results obtained from both static and shear stress conditions. Endothelial cells 

were exposed to the unmodified FMS NP stream for 2 h, and as shown in the figure, 

unmodified FMS NPs were significantly more toxic to endothelial cells under the two 

highest shear stress conditions (88.9 ± 0.9% and 70.4 ± 3.3% viability at 3.3 and 6.6 

N/m
2
, respectively) while no apparent toxicity was found under either static (96.5 ± 1.5%) 

or 0.5 N/m
2
 (103.4 ± 0.7%) shear stress conditions with the same exposure time and 

concentration. These results indicate that shear stress influences cytotoxicity of FMS NPs 

to endothelial cells, and FMS NPs do not show significant toxicity to endothelial cells 

under static or very low shear stress conditions. These results reveal that the dynamic 

nature of the environment (flow conditions) is one of the likely causes of the discrepancy 

between in vivo and in vitro nanotoxicity assays. It is a generally accepted concept that 

NP toxicity is dependent on both NP dose (amount) and exposure (time). Under the flow 

conditions, however, concentration cannot represent the dose because, at least in this 

work, the absolute number of NPs passing through the microfluidic channel is larger 

under flow conditions than static conditions, and therefore, the shear stress dependency in 

the toxicity result might not be from the effect of shear stress. 

3.4.3.3 Comparisons of NP Dose Under Static and Flow Conditions 

To investigate this possibility, the NP dose under flow conditions was estimated and 

varied by tuning NP concentration under static conditions and channel dimension and 

flow rate under flow conditions. Taking both flow velocity and NP diffusion length into 

account, NPs within 1 μm above the endothelial cell layer are estimated to have the 

potential to interact with the endothelial cells. Using this limit, the number of NPs that  
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Figure 3.26 MTT assay results after endothelial cell exposure to NPs for 2 h. (a) Cytotoxicity results for 

FMS NPs in different shear stress conditions. Concentration of FMS NPs is 200 μg/mL. (b) Dose effect in 

the cytotoxicity of FMS NPs under static conditions. (c) Dose effect on the cytotoxicity of FMS NPs in the 

same (similar) shear stress conditions. (d) Effect of PEG/TMS modification on the cytotoxicity of MS NPs 

(*, **, and *** represent p < 0.1, p < 0.01, and p < 0.0001, respectively). 

 
Table 3.8 Dose Comparison of Static and the Highest Shear Stress Conditions 
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Table 3.9 Dose Variation in Static Conditions 

 

interact with endothelial cells under the 6.6 N/m
2
 shear stress condition was calculated to 

be 1.1×10
12

 NPs, while the value for the static condition was calculated to be 5.2×10
11

 

NPs (Table 3.8); so, the original experimental conditions led to endothelial cells under 

the highest shear stress condition interacting with approximately double the number of 

NPs as in the static condition. To account for this dose difference, three additional 

experiments were performed; two under static conditions but with ∼2-fold (475 μg/mL, 

1.2×10
12

 NPs) and 4-fold (950 μg/mL, 2.4×10
12

 NPs) higher concentrations of NPs to 

achieve the same and higher dose as the 200 μg/mL exposure under the flow conditions 

(1.1×10
12

 NPs), and one where flow rates are varied to achieve the same dose as the 200 

μg/mL (5.2 ×10
11

 NPs) exposure under static conditions (Tables 3.9 and 3.10). In the 

latter case, channel dimensions were altered to achieve the same 6.6 N/m
2
 shear stress 

under the lower flow rates used; this shear stress was verified by COMSOL modeling 

(Table 3.7). Figure 3.26b and c summarize the cytotoxicity results with the number 

density of NPs described above (Tables 4.9 and 4.10), and the results confirm that the 

increased cytotoxicity of FMS NPs under 3.3 and 6.6 N/m
2
 shear stress conditions was 

not from the different dose. Under static conditions, a 2-h exposure of endothelial cells to 

5.2×10
11

, 1.2×10
12

, and 2.3×10
12

 NPs results in 96.5 ± 1.5, 88.9 ± 4.1, and 88.8 ± 5.5% 

endothelial cell viabilities, respectively. Under flow conditions, on the other hand, 70.4 ± 

3.3, 73.1 ± 3.0, and 75.9 ± 4.0% endothelial cell viabilities were obtained from 1.1 ± 10
12

, 

4.5 ± 10
11

, and 5.6 ± 10
11

 NPs, respectively. While there is a possible, slight dose effect 

in cytotoxicity results under static conditions, this assessment clearly confirms that the 

difference in the toxicity results in the original assessments (static versus flow) came 

from the shear stress rather than dose. 

One potential explanation for this phenomenon is that increased shear stress induces 

activation of the endothelial cells. Several studies have reported changes in endothelial 
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Table 3.10 Dose Variation in Different Shear Stress Conditions 

 

cell behavior under various shear stress conditions.
73,74

 In fact, clear morphological 

changes were observed in this work in endothelial cells under shear conditions of 6.6 

N/m
2
 compared to static conditions (data not shown). While the specific changes to the 

endothelial cell population is the subject of future work, it is already clear that flow plays 

a critical role in the interaction between NPs and cells, making in vivo cells vulnerable to 

silica NP exposure. 

With the intention to realize MS NP applications in the human body, the toxicity of 

FMS NPs must be controlled. One strategy known to ameliorate silica NP toxicity is 

based on blocking the interaction between surface silanol groups and the cellular 

membrane. Specifically, modification with low molecular weight PEG successfully 

masks the surface silanol groups in static conditions;
62,65

 herein, we consider the role of 

this surface modification under flow conditions. The NP cytotoxicity for 

FMS@PEG/TMS NPs under 3.3 and 6.6 N/m
2
 shear stress conditions were obtained and 

compared to the previously obtained unmodified FMS NP toxicity results under the same 

shear stress conditions. In each shear stress condition, the cytotoxicity results indicate 

that FMS@PEG/TMS NPs do not have significant toxicity (99.11 ± 0.3 and 97.22 ± 1.6% 

viability at 3.3 and 6.6 N/m
2
, respectively) to the endothelial cells, revealing that NP 

surface chemistry plays an important role in flow-mediated cell NP interactions (Figure 

3.26d). One possible explanation for this is that, while these endothelial cells were 

activated by shear stress, the PEG surface modification prevented nonspecific association 

of the NPs, resulting in decreased interaction between endothelial cells and NPs and, thus, 

decreased toxicity. 
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3.4.4 Conclusions 

In summary, this work systematically compares the cytotoxicity of FMS and 

FMS@PEG/TMS NPs under flow and static conditions. A simple microfluidic platform 

enabled this assessment under accurately and precisely controlled shear stress conditions 

to model the human venous system. Unmodified FMS NPs showed clear flow 

dependency in their toxicity to human endothelial cells that was not due to the dose of 

NPs. In agreement with our previous results,
62,65

 under static conditions, 

FMS@PEG/TMS NPs showed no serious toxicity to endothelial cells; the same is true 

under flow conditions, confirming that the surface modification significantly mitigates 

the potential toxic activity of MS NPs. This platform will likely find use in other 

applications, in which precise shear stress control is necessary, as well as in further 

investigation of nanotoxicity in model biological environments. 

3.5 Chapter Summary 

In the beginning of this chapter, the blood compatibility of the MS NPs was 

investigated. We have systematically studied the hemolytic activity of nonporous and 

porous silica NPs with varied sizes using a hemolysis assay. Later in this chapter, we 

used carbon-fiber microelectrode amperometry to assess the functional changes in 

chemical messenger secretion from mast cells, an important immune system cell, after 

NP exposure/uptake. Together, these results show that MS NPs have lower hemolytic 

activity to RBCs and less impact on mast cells than their similarly sized nonporous 

counterparts. We further found that the extent of hemolysis by MS NPs increases as the 

pore structure is compromised by mild aging in buffer solutions. This effect had never 

been investigated in silica nanotoxicity studies previously. In the end of this chapter, we 

have developed a simple microfluidic platform to assess NP cytotoxicity under dynamic 

conditions. We use this platform to demonstrate that shear stress is an essential 

consideration for in vitro nanototoxicity studies.  
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Chapter Four 

Synthesis, Biocompatibility, and Transverse Relaxivity Studies of Multifunctional 

Mesoporous Silica Nanoparticles 
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4.1 Overview  

Size-controlled multifunctional MS NPs having large surface areas, embedded 

luminescence, high magnetization, and excellent aqueous dispersity were successfully 

prepared by using a simple one-pot synthesis. The size and pore ordering of these 

particles can be easily controlled based on the number density of Fe3O4 NP nucleation 

sites introduced during the silica condensation reaction. Dissolution of the embedded 

Fe3O4 NPs yields hollow MS NPs as well. These multifunctional porous NPs were 

characterized by TEM, XRD, N2 adsorption-desorption behavior, magnetic susceptibility, 

and photoluminescence. Furthermore, an in vitro hemolysis assay was performed to 

evaluate any unintended cytotoxicity. The compatibility of the multifunctional NPs to 

RBCs, even at very high doses, ensures their potential in biomedical applications. 

Later in this chapter, we further use the previously described hydrothermal treatment to 

improve the stability of PEGylated magnetic MS NPs and study various effects on the 

absolute T2 relaxivity values and long-term relaxivity stability in water. Compared to 

PEGylated magnetic MS NPs without hydrothermal treatment, the hydrothermally treated 

PEGylated magnetic MS NPs show improved particle stability in various biological 

media, more stable relaxivity in long-term storage, and greater resistance to acidic 

etching. 

4.2 One-Pot Synthesis of Biocompatible and Size-Tunable Multifunctional MS NPs 

4.2.1 Introduction 

Since the first report of ordered MS materials in 1992,
1
 extensive work has been done 

exploring the syntheses, characterization, and application of these materials. Biomedical 

applications such as delivery of anticancer drugs,
2
 enzymes,

3
 and DNA

4
 are among the 

most promising, exploiting the NPs’ ordered pore structure, large surface area, and 

considerable pore volume. The ideal biomedical NPs could be used simultaneously in 

diagnosis, imaging, and therapy. Toward this goal, several types of multifunctional 

nanomaterials have recently been reported in the literature, including plasmonic magnetic 

nanocrystals,
5-7

 core-satellite nanocomposites,
8
 and polymeric nanohybrids.

9,10
 MS NPs 

can also be used as a multifunctional platform, as has been demonstrated in several recent 
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papers focusing on the synthesis of porous silica particles having fluorescent, magnetic, 

cellular labeling, and/or therapeutic functions.
11-14

 However, to date, the biomedical use 

of the MS NPs reported is hindered by either their tendency to aggregate upon exposure 

to physiological conditions
11,12

 and/or overall large NP size, with primary particle 

diameters exceeding 150 nm.
13,14

 The size of synthesized MS NP is critical because 

studies have shown that silica particles with diameters greater than 100 nm are rapidly 

taken up by the RES, a portion of immune system which removes the NPs from 

circulation, accumulating in the liver and spleen before a loaded drug can be delivered to 

the target cells/tissue,
15,16

 but that small silica NPs (<50 nm diameter) with PEG 

modification have significantly decreased uptake by RES organs and exhibit a longer 

blood circulation time.
17

 Although well-ordered MS NPs with diameters as low as 20 nm 

have been synthesized using a double surfactant system,
18

 the resulting NPs aggregate 

easily and, thus, discourage efforts to incorporate other functionality such as magnetic 

contrast, because the base NP is not appropriate for biomedical use. In cases where 

attempts have been made to embed magnetic centers into MS NPs, the synthesized 

materials suffer from insufficient magnetic contrast achieved due to the low mass 

percentage (<1 %) of incorporated magnetic NPs or destruction of the well-ordered, high 

surface area character of the silica structure. The resulting low magnetic response is due 

to the thick MS shell
12

 or the large size of the MS NP
14

 and suggests that a large dose (e.g. 

175 mg or 500 mg NPs/kg) would have to be injected to perform in vivo MRI.
15,19

 To 

date, these shortcomings largely limit the practical use for in vivo biomedical applications; 

to realize the full potential of multifunctional MS NPs, a synthesis must be designed that 

produces small and easily dispersed silica particles with higher mass percentage of 

incorporated magnetic centers and well-ordered pore structure. The great potential of 

these materials has generated significant efforts to achieve these goals by multiple 

research groups.
19,20

 Recent efforts to achieve this goal include the work of Zhao and co-

workers who reported a novel synthesis of a high-magnetization Fe3O4@SiO2 particle 

with an ordered porous structure;
20

 however, the relatively large size (>500 nm diameter) 

limits its use for iv injected biological applications. Also, Hyeon and co-workers reported 

a novel synthesis of uniform multifunctional NPs with small size (∼45 nm diameter) and 
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high aqueous stability.
19

 Unfortunately, these NPs still have low magnetic response and 

disordered mesostructure, limiting their use for bioimaging, efficient drug loading, or 

bioseparations. Up to now, none of the reported materials possess the optimal 

characteristics: (1) small size (<50 nm); (2) excellent aqueous dispersity; (3) ordered 

porous structure with high surface area (>600 m
2
/g); and (4) high magnetic response (>10 

emu/g) to facilitate drug delivery, bioseparation, and bioimaging applications. The most 

obvious solution to achieve the optimal characteristics is to reduce the overall silica NP 

size while maintaining the mesoporous structure. 

In addition to design ideal nanomaterials for nanotherapeutics, the unintentional 

toxicity of these NPs should be monitored as part of the design process. The MTT assay 

is widely used to study the cytotoxicity of various nanomaterials, and while it permits an 

NP to NP comparison, it gives insight only into changes in cell mitochondrial function. 

While there are four major routes of NP entry into the human body (inhalation, ingestion, 

transdermal penetration, and injection), biomedical NPs are most likely to be delivered 

via injection, and thus, blood compatibility is critical. Initial blood compatibility screens 

should monitor NP hemolytic activity, the ability of the NPs to lyse red blood cells, 

leading to anemia as well as more serious blood conditions. However, very few reports 

implement a hemolytic assay to study the cytotoxicity of various NPs.
21-23

 Recently, 

Slowing and coworkers examined the hemolytic activity of pristine MS NPs in rat red 

blood cells and demonstrated promising results,
24

 but these measurements should be 

pursued in clinically relevant human blood with the most promising multifunctional NPs. 

The work presented in this chapter uses ammonium hydroxide as a basic catalyst and 

one-pot synthesis conditions to produce size-tunable, sub-100-nm diameter, well-ordered 

multifunctional MS NPs with sufficient magnetic loading and visible to near-infrared 

fluorescence that are stable and well-dispersed in aqueous solutions. Furthermore, a 

hemolysis assay is employed to assess the biocompatibility of the smallest synthesized 

multifunctional MS NPs. 

4.2.2 Experimental Section 

4.2.2.1 Materials 
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Unless otherwise noted, all chemicals used in this work have been described in Chapter 

Two, section 2.3.1.1.  

All chemicals were used without further purification. Rhodamine B isothiocyanate 

mixture of isomers (RITC), cyclohexane, and Triton X-100 were obtained from Sigma 

Aldrich (Milwaukee, WI). Dulbecco’s phosphate-buffered saline was purchased from 

Gibco (DPBS, Gibco, Grand Island, NY). 3-Aminopropyl-trimethoxysilane (APTMS, 

97%) was obtained from Fluka (Steinheim, Germany). [Hydroxy(polyethyleneoxy)propyl] 

triethoxysilane, (PEG-Silane, MW 575-750 g/mol, 50% in ethanol) was purchased from 

Gelest (Morrisville, PA). DyLight 800 NHS ester (98-100%) was obtained from Fisher 

Scientific (Rockford, IL). 

4.2.2.2 Preparation of Hydrophobic Magnetite NPs  

The hydrophobic magnetite NPs were synthesized based on a slight modification of a 

published one-pot chemical coprecipitation method.
25

 First, D.I. water was purged with 

nitrogen gas for 10 min. Then, 4.80 g of FeCl36H2O, 2.00 g FeCl24H2O, and 0.85 mL 

oleic acid were added to 30 mL of D.I. water under nitrogen atmosphere with vigorous 

stirring. The mixture solution was heated to 90 °C. Then, 20 mL of NH4OH (14 wt %) 

was added rapidly to the solution, and it immediately turned black. The reaction was kept 

at 90 °C for 2.5 h and then allowed to cool to room temperature. The black precipitate 

was collected by centrifugation at 10,016g for 10 min and resuspended in chloroform 

with a end concentration of 54.5 mg oleic acid-capped Fe3O4/mL. 

4.2.2.3 Synthesis of PEG-Modified Fluorescent MS NPs with Incorporated Fe3O4 

NPs (Fe3O4@Dye-MS@PEG) and PEG-Modified Fluorescent Hollow MS NPs (H-

Dye-MS@PEG): Dye=FITC, RITC, and DyLight 800 

The pre-conjugated N-1-(3-trimethoxy-silylpropyl)-N-fluoresceyl thiourea (FITC-

APTMS) was prepared by combining 5 μL of APTMS and 2 mL of 0.0023 M FITC 

ethanolic solution under continuous stirring and dark conditions.
26

 The RITC-APTMS 

was prepared in the same manner. In a typical synthetic procedure for 33-nm-diameter 

Fe3O4@FITC-MS@PEG, 1.2 mL of oleic acid-capped Fe3O4 NP solution was added to 5 
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mL of 0.16 M aqueous CTAB containing 0.2 g PVP10. The resulting solution was 

ultrasonicated at 42 kHz for 1 h to evaporate the chloroform, resulting in a transparent 

black solution. This solution was added to a 150 mL of 0.255 M NH4OH solution and 

heated to 50 °C. Then, 450 μL of FITC-APTMS and 3.0 mL of 0.88M dilute ethanolic 

TEOS were added sequentially to the reaction solution under continuously stirring (600 

rpm). After 30 min, 600 μL of PEG-silane was added, and the solution was allowed to 

stir for another 30 min. The solution was then aged at 50 °C for 24 h. The as-synthesized 

Fe3O4@FITC-MS@PEG solution was centrifuged at 53,300g for 30 min and, then, 

washed and redispersed in 50 mL of ethanol. To avoid the Fe3O4 dissolution that occurs 

under acidic conditions, the surfactants were removed using a fast and efficient ion 

exchange method where the as-synthesized Fe3O4@FITC-MS@PEG was transferred to 

50 mL of ethanol containing 0.3 g of NH4NO3 and kept at 60 °C for 1 h.
27

 The extraction 

step was repeated twice to completely remove the surfactants. To generate PEG-coated 

hollow fluorescent MS NPs (H-FITC-MS@PEG), the Fe3O4 NPs and CTAB surfactants 

were removed using acidic ethanol (pH< 1.0) under reflux for 6 h. After the extraction, 

these NPs were washed three times with ethanol and redispersed/stored in 20 mL of 

ethanol. The Fe3O4@RITC-MS@PEG was obtained by substituting RITC-APTMS for 

FITC-APTMS in the previously mentioned reaction. For Fe3O4@DyLight800-MS@PEG, 

the Fe3O4@MS@PEG was prepared without the addition of dye. Then, the 

Fe3O4@MS@PEG was modified with APTMS at 60 °C for 6 h. The 

Fe3O4@DyLight800-MS@PEG was synthesized by adding 100 μL of 10 mg/mL N-

hydroxysuccinimide (NHS)-ester-activated DyLight800 (dissolved in DMF) to an amine-

functionalized Fe3O4@MS@PEG colloidal solution. The reaction was carried out in PBS 

at RT for 1 h. Once the coupling was complete, all purification and surfactant extraction 

followed the procedure described above. The solid products for XRD and N2 adsorption-

desorption measurements were obtained by centrifugation followed by drying at 60 °C 

for 24 h. 

4.2.2.4 Synthesis of Nonporous Stöber SiO2 NPs and PEG-Modified Stöber SiO2 NPs 

(SiO2@PEG) 
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The nonporous Stöber SiO2 NPs were synthesized by a modified version of the 

procedure developed by Stöber et al.
28

 Typically, 0.75 mL of NH4OH (28~30 wt %) was 

added to 40 mL of 95% ethanol at 40 °C. Then 0.5 mL of TEOS was introduced to the 

mixture. The hydrolysis and condensation reactions proceeded under continuous stirring 

at 40 °C for 12 h. The ultrafine SiO2 colloids were collected by centrifuge, washed with 

DPBS three times, and then redispersed in DPBS for hemolysis experiments. The 

SiO2@PEG NPs were obtained by adding 50 μL of PEG-silane to the as-prepared SiO2 

NP solution. The PEG coating was carried out at two different time intervals (12 and 24 

h). All purification and followed the procedure described above. Herein, the PEG-

modified Stöber SiO2 NPs are referred to as SiO2@PEG-12 and SiO2@PEG-24 where the 

number indicates the PEG coating reaction time allowed in hours. 

4.2.2.5 Synthesis of Fe3O4 coated SiO2 NPs (Fe3O4@SiO2) 

The Fe3O4 coated SiO2 NPs were synthesized by a similar procedure developed by Lu 

et al.
29

 Two mg of oleic acid capped Fe3O4 NPs was suspended in 10 mL of cyclohexane 

at RT. Then 1.8 g of Triton X-100, 1.6 mL of hexanol, and 0.34 mL of D.I. water were 

added with stirring to form water-in-oil microemulsion. After 15 min, 40 μL of TEOS 

was added to the mixture. After 1.5 h, 0.1 mL of aqueous NH4OH (28~30 wt %) was 

added to initiate the TEOS hydrolysis and condensation. After 24 h, ethanol was added to 

destabilize the microemulsion system and precipitate the Fe3O4@SiO2 NPs. The 

Fe3O4@SiO2 NPs were isolated via centrifugation and washed with ethanol five times 

and D.I. water five times to remove adherent surfactant and unreacted chemicals. 

4.2.2.6 Characterization 

The XRD, DLS, ζ-potential and N2 adsorption-desorption measurements have been 

described in Chapter Two, section 2.3.1.3. The TEM images were taken on a JEOL JEM-

1210 microscope (operating at 120 kV, Tokyo, Japan). Samples were prepared on a Ted 

Pella Formvar-coated copper grid (Redding, CA) by evaporating one drop of diluted 

ethanolic suspension of the NPs. Image analysis was performed using SigmaScan Pro 5.0 

(Ashburn, VA). Photoluminescence spectra were collected on a JASCO FP-6200 (400-
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700 nm, Easton, MD) or Photon Technology International (200-900 nm, Birmingham, NJ) 

fluorescence spectrometer. The RT magnetization curves were measured using a 

Quantum Designs MPMS-5S cryogenic susceptometer (San Diego, CA). 

4.2.2.7 Hemolysis Assay 

Experimental details are described in Chapter Two, section 2.4.1.7. 

Scheme 4.1 Illustration of One-Pot Synthetic Procedure to Produce PEG-Modified Fluorescent MS NPs 

with Incorporated Fe3O4 NPs (Fe3O4@Dye-MS@PEG) 

 

4.2.3 Results and Discussion 

4.2.3.1 Synthesis of Multifunctional MS NPs 

The procedure for Fe3O4@Dye-MS@PEG synthesis is illustrated in Scheme 4.1. First, 

oleic acid-capped magnetite NPs were synthesized using a facile and high yield co-

precipitation method. Compared to the thermal decomposition method developed by Sun 

et al.,
30

 this simple synthesis not only utilizes inexpensive reactants but also generates a 

gram scale of products. The as-synthesized Fe3O4 NPs had irregular shape and an average 

NP diameter of 11 ± 3 nm (Figure 4.1a and b). The hydrophobic Fe3O4 NPs dispersed in 

chloroform were transferred to an aqueous phase by using CTAB and PVP as stabilizing 

agents (Figure 4.2). The CTAB added in this step also serves as the porous structure-

directing agent during the later silica condensation. PVP was incorporated into the 

synthesis of the Fe3O4 NPs as a co-surfactant for CTAB during the phase transfer to 

improve the transfer efficiency of the hydrophobic Fe3O4 NPs to the aqueous phase. In a 

previous report using CTAB as a stabilizing agent to transfer hydrophobic NPs to the 
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Figure 4.1 (a) TEM image and (b) particle size distribution of as-synthesized oleic acid capped Fe3O4 NPs 

(n=150). 

aqueous phase, the transferred NPs needed to be filtered through a 0.44 μm syringe filter 

before silica coating, indicating that large aggregates were present in solution.
31

 Without 

the addition of PVP, synthesized Fe3O4@Dye-MS@PEG included large aggregates of 

Fe3O4 NPs (Figure 4.3a). Upon filtering the PVP-free CTAB-Fe3O4 NP solution through 

a 0.44 μm syringe filter, a large amount of NPs were stuck in 

the filter (data not shown). In contrast, when PVP was added 

as a co-surfactant during synthesis, the aqueous phase CTAB- 

and PVP-stabilized Fe3O4 NPs passed through a 0.20 μm 

syringe filter with no observable aggregates. Additionally, no 

large Fe3O4 aggregates were detected once incorporated into 

the silica NPs (Figure 4.3b). This result is not surprising since 

PVP is well-known as an amphiphilic polymer and, thus, can 

serve as a protecting agent for Fe3O4 NPs and improve their 

aqueous dispersity.
32

 The MS nanostructure is formed around 

the aqueous Fe3O4 NPs by carefully controlling pH during the condensation reaction. 

During the MS formation, the incorporation of dye molecules into the silica framework 

can be easily accomplished using a co-condensation method.
26

 Finally, to 

Figure 4.2 (Left) As-

synthesized oleic acid capped 

Fe3O4 NPs dispersed in 

chloroform and (Right) 

CTAB/PVP stabilized Fe3O4 

NPs in water. 
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Figure 4.3 TEM images of Fe3O4@FITC-MS@PEG (a) without the addition of PVP and (b) with the 

addition of PVP during the synthesis. 

increase the water dispersity for biomedical applications, Fe3O4@Dye-MS NPs were 

coated with PEG-silane using delayed modification to minimize NP aggregation. Figure 

4.4 demonstrates a variety of Fe3O4@FITC-MS@PEG sizes that can be synthesized 

using the methods detailed herein. As the ratio of the Fe3O4 NPs to silicate precursor used 

in the synthetic process is decreased, the resulting size of the Fe3O4@FITC-MS@PEG 

increases, making it simple to control the overall NP size. To the best of our knowledge, 

this is the first report of the successful one-pot synthesis of multifunctional silica NPs 

with good aqueous dispersity having an average size smaller than 70 nm and still 

possessing a well-ordered mesoporous structure. Furthermore, because this work pursues 

an inexpensive and low temperature preparation of Fe3O4 NPs, dissolution of 

incorporated Fe3O4 NPs with acidic ethanol produces MS NPs containing additional void 

space (Figure 4.5) with a route that is easier and more economical than previously 

reported methods.
33,34

 The high magnification TEM image of hollow FITC-MS@PEG 

NPs is shown in the inset of Figure 4.5. These hollow FITC-MS NPs have an increased 

drug loading capacity due to the presence of both the hollow voids and the ordered 

mesopores. 
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Figure 4.4 TEM images of surfactant-free Fe3O4@FITC-MS@PEG with varied diameters. (a) 33 ± 5 nm 

Fe3O4@FITC-MS@PEG, n=180. (b) 42 ± 6 nm Fe3O4@FITC-MS@PEG, n = 125. (c) 53 ± 7 nm 

Fe3O4@FITC-MS@PEG, n=100. (d) 67 ± 7 nm Fe3O4@FITC-MS@PEG, n =130. 

4.2.3.2 Characterization of Multifunctional MS NPs 

The mesopore ordering of Fe3O4@FITC-MS@PEG 

with varied diameters was examined using low-angle 

XRD from 2θ=1.5-8° (Figure 4.6a). The ordering of the 

pore structure increased as the concentration of Fe3O4 

NPs decreased. The TEM images of 33 and 42 nm 

Fe3O4@FITC-MS@PEG (Figure 4.4a and b) suggest 

short-range ordering and wormlike pore structures Figure 4.5 A TEM image of surfactant-

free 42 nm H-FITC-MS@PEG. 
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Figure 4.6 Characterization of surfactant-free Fe3O4@FITC-MS@PEG. (a) Low-angle XRD patterns from 

Fe3O4@FITC-MS@PEG with varied diameters. (b) Wide-angle XRD patterns from as-synthesized 11 nm 

Fe3O4 and 33 nm Fe3O4@FITC-MS@PEG. The broad band (*) at 2θ = 23° originates from amorphous 

silica while (220), (311), (400), (422), (511), and (440) are characteristic magnetite peaks. (c) N2 

adsorption-desorption isotherms of Fe3O4@FITC-MS@PEG with varied diameters. 

inside the NPs. The visual conclusions are supported by the broad and unresolved (110) 

and (200) XRD peaks detected when probing the 33 and 42 nm Fe3O4@FITC-MS@PEG 

(Figure 4.6a). The sharp XRD patterns from 53 and 67 nm Fe3O4@FITC-MS@PEG 

indicate a very well-ordered 2D hexagonal mesoporous structure. This result confirms the 

long-range ordering of pore structure seen in TEM images (Figure 4.4c and d). The 

crystalline structure of Fe3O4 both before and after incorporation into Fe3O4@Dye-

MS@PEG was characterized using wide-angle XRD. As shown in Figure 4.6b, these 

patterns can be easily indexed to Fe3O4 by the International Centre for Diffraction Data 

powder diffraction file 98-000-0073 for magnetite. This result shows that the embedded 

Fe3O4 NPs retain their magnetite crystalline structure after silica coating and template 

extraction. The N2 adsorption- desorption isotherms for Fe3O4@FITC-MS@PEG with  
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Table 4.1 Structural Properties and Saturation Magnetization Values of Surfactant-free Fe3O4@FITC-

MS@PEG with Varied Sizes 

 

varied sizes exhibit the characteristic IV behavior for a well-developed mesoporous 

structure, with a sharp capillary condensation at P/P0∼0.35 (Figure 4.6c). In addition, all 

samples have a secondary adsorption step (at P/P0∼0.95) that is attributed to the 

interparticle spaces formed between NPs after drying. All measured structural 

characteristics are listed in Table 4.1. All samples have high BET surface area (694-1045 

m
2
/g) and large total pore volume (1.08-1.95 cm

3
/g). The decrease in surface area with 

decreased size is caused by the increasing volume fraction of magnetic NPs. Compared to 

recent reports,
19,20

 the Fe3O4@FITC-MS@PEG synthesis detailed herein not only allows 

access to an average diameter smaller than 50 nm but also maintains the porous integrity 

and high surface area (885 m
2
/g). The vast improvement in achieved mesostructure, even 

in the small size regime, is likely due to the use of NH4OH as a basic catalyst which 

favors formation of longer cylindrical silicate micelles within the Gouy-Chapman 

region.
35

 The BJH method was applied to calculate the pore size distribution in all 

samples, indicating a maximum pore diameter of ∼2.4 nm. This result further reveals that 

the delay surface modification strategy does not alter the pore size of Fe3O4@FITC-

MS@PEG. 

The magnetic behavior of Fe3O4@FITC-MS@PEG with varied diameters was 

measured using a magnetometer tuned from-20,000 to 20,000 Oe (Figure 4.7). No 

hysteresis was detected at 300 K for any of the samples, indicating that the 

superparamagnetic behavior of the incorporated Fe3O4 NPs, an essential characteristic for 

T2 MRI contrast agents, is intact. The high magnetic response is further demonstrated by 

applying a magnet to the outside of a vial containing the Fe3O4@FITC-MS@PEG 

aqueous solution (the inset of Figure 4.7). This high magnetization will facilitate the use 

of these multifunctional NPs as T2 MRI contrast agents, in bio-separations, and in cell 
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Figure 4.7 Magnetization curves at 300 K of surfactant-free Fe3O4@FITC-MS@PEG with varied sizes. 

(inset) Photograph of the 35 mg/mL of 33 nm Fe3O4@FITC-MS@PEG solution during exposure to a 

magnet. 

tracking. As shown in Table 4.1, the saturation magnetization value of Fe3O4@FITC-

MS@PEG increases as the overall NP size decreases, further confirming the increasing 

Fe3O4 volume fraction. This volume fraction can be estimated by comparing the 

saturation magnetization values to that measured for the unincorporated 11-nm-diameter 

Fe3O4 NPs (60.0 emu/g). The saturation magnetization value for the 33 nm diameter 

Fe3O4@FITC-MS@PEG is 12.0 emu/g and, thus, the magnetic NP content is 20 wt %. 

Compared to recent reports,
12,14,19

 the Fe3O4@FITC-MS@PEG NPs reported herein are 

not only smaller in size but also possesses much higher magnetization than previously 

reported nanomaterials. 

The photoluminescence spectra of surfactant-free Fe3O4@FITC-MS@PEG and 

Fe3O4@RITC-MS@PEG exhibit the typical fluorescence emission of FITC and RITC 

(Figure 4.8a); this result confirms that the dye molecules can be anchored stably to the 

MS framework after the surfactant extraction. Initial multifunctional NP syntheses 
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Figure 4.8 (a) Photoluminescence spectra of surfactant-free Fe3O4@FITC-MS@PEG (green line, λex = 450 

nm), Fe3O4@RITC-MS@PEG (red line, λex=525 nm), and Fe3O4@DyLight800-MS@PEG (black line, 

λex=720 nm). (b) Photographs of aqueous suspensions of Fe3O4@FITC-MS@PEG and Fe3O4@RITC-

MS@PEG NPs. (c) Under UV illumination. The NPs presented excellent colloidal stability after template 

removal. 

focused on visible emission dyes, and in fact, different emission wavelengths were 

observed from Fe3O4@FITC-MS@PEG and Fe3O4@RITC-MS@PEG under UV 

illumination, as expected (Figure 4.8c). However, some applications of multifunctional 

biomedical NPs require fluorescent emission in the near-infrared (NIR) where the low 

light absorptivity of biological chromophores allows light to penetrate through several 

centimeters of tissue. Molecular dyes such as Cy5.5 and indocyanine green (ICG) are 

widely used in in vitro cell labeling and as NIR imaging contrast agents for in vivo deep-

tissue imaging.
36

 Hence, in addition to the previously mentioned visible region 

fluorophores, the NIR dye DyLight800 was incorporated into the multifunctional NPs. 

This was accomplished by reacting the primary amine groups from silica-bound APTS 

with NHS-ester-activated DyLight800 fluorophores. The photoluminescence spectrum of 

surfactant-free Fe3O4@DyLight800-MS@PEG showed the NIR dye was successfully 

incorporated into the silica wall by covalent bonding (Figure 4.8a). The PEG-silane was 

introduced into the synthetic procedure to enhance the colloidal stability. As is shown in 

Figure 4.8b, these surfactant-free NPs remained well-dispersed in D.I. water without any 

visible aggregation after storage for 15 days at RT. DLS revealed that 33 nm diameter 

Fe3O4@FITC-MS@PEG NPs have a hydrodynamic diameter of 57 nm in D.I. water and 

73 nm in PBS solution. The increase of hydrodynamic size in PBS is likely due to a slight 

aggregate formation. The size difference between TEM and DLS measurements is 
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attributed to the hydration sphere and outer PEG layer. ζ-potential measurement showed 

that 33 nm diameter Fe3O4@FITC-MS@PEG NPs have a surface charge of -24 mV in 

D.I. water, further supporting the conclusion that a stable suspension is formed. 

 

Figure 4.9 TEM images of (a) Stöber SiO2 NPs and (b) Fe3O4@SiO2 NPs. 

4.2.3.3 In Vitro Biocompatibility of Multifunctional MS NPs to Human RBCs 

Because the Fe3O4@Dye-MS@PEG NPs are designed for intravenous administration, 

it is important to test the compatibility of these multifunctional NPs with blood cells. In 

addition to the multifunctional NPs that make up the focus of this manuscript, two other 

types of commonly used silica NPs, nonporous Stöber and Fe3O4@SiO2 core-shell NPs, 

(Figure 4.9) were synthesized to facilitate comparison of hemolytic activity with that of 

33 nm Fe3O4@FITC-MS NPs at different concentrations from 12.5 to 1000 μg/mL for 3 

h. Typically, a large dose of NPs is used to achieve enough imaging contrast and 

therapeutic efficacy. Hence, the RBCs were incubated with NPs at a high concentration, 

up to 1000 μg/mL. As shown in Figure 4.10a, no hemolysis of RBCs was caused by 33 

nm Fe3O4@FITC-MS at a concentration up to 100 μg/mL, but over 90% of RBCs were 

lysed by nonporous Stöber and Fe3O4@SiO2 core-shell NPs (Figure 4.10b) at a 

concentration of 50 μg/mL. In the case of 33 nm Fe3O4@FITC-MS NPs, detectable 

release of hemoglobin was observed at concentrations over 200 μg/mL (Figure 4.11). 
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Figure 4.10 (a) Concentration-dependent hemolysis of Stöber SiO2 NPs (square), Fe3O4@SiO2 NPs (left 

pointing triangle), 33 nm Fe3O4@FITC-MS(circle), Stöber SiO2@PEG-12 NPs (right pointing triangle), 

Stöber SiO2@PEG-24 NPs (upward pointing triangle), and 33 nm Fe3O4@FITC-MS@PEG (downward 

pointing triangle). Photographs of RBCs incubated with (b) Fe3O4@SiO2 and (c) Fe3O4@FITC-MS@PEG 

at different concentrations for 3 h. The red hemoglobin release from damaged RBCs was determined by the 

supernatants. Data represent to mean ± SD, n= 4. 
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However, even after 3 h incubation, only 20% hemolysis was observed from 33 nm 

Fe3O4@FITC-MS NPs. This is likely due to the lower number density of silanol groups 

on the surface of MS shell compared to that of the solid nonporous silica NPs. As a 

separate control, pure Fe3O4 NPs showed no hemolytic effect on RBCs (data not shown), 

indicating that the unlikely liberation of the magnetic center from the multifunctional NPs 

would not be problematic. 

While these measurements 

clearly reveal that the MS 

coating greatly reduces the 

hemolytic activity of silica 

NPs compared to the 

nonporous silica coating, 

further blood compatibility 

can be promoted via surface 

modification of either porous or nonporous silica NPs.
23

 Herein, PEG-silane was used to 

eliminate the silanol groups on the surface of nonporous Stöber SiO2 NPs and 33 nm 

Fe3O4@FITC-MS NPs. Nonporous Stöber SiO2 NPs were reacted with PEG-silane in two 

different periods, 12 and 24 h. The resulting PEG-coated silica NPs are referred to as 

SiO2@PEG-12 and SiO2@PEG-24, with 

expected variations in PEG coverage and 

ordering. Compared to the 12 h PEG-silane 

coating, the hemolytic activity of 

nonporous Stöber SiO2 NPs was greatly 

reduced with 24 h PEG-silane coating; 

however, detectable hemolysis still can be 

seen at concentrations over 600 μg/mL. 

Contrary to SiO2@PEG NPs, no 

hemolysis was observed after 3-h 

incubation with 33 nm Fe3O4@FITC-

MS@PEG at concentrations ranging from 

Figure 4.11 The photograph of RBCs incubated with unmodified 

Fe3O4@FITC-MS at different concentrations ranging from 12.5 to 

1000 μg/mL for 3 h. 

Figure 4.12 Hemolysis of RBCs in the presence of 

33 nm Fe3O4@FITC-MS@PEG monitored at 

different incubation times (3, 6, 12, 18, 24, and 36 

h). The concentration of 33 nm Fe3O4@FITC- 

MS@PEG is 1000 μg/mL. Data are represented to 

mean ± SD, n=3. 
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12.5 to 1000 μg/mL (Figure 4.10a and c). This result further confirms that the number of 

surface silanol groups of Fe3O4@FITC-MS NPs are much fewer than those on nonporous 

Stöber SiO2 NPs and can be eliminated by PEG modification. Finally, long-term 

hemolysis of RBCs was tested in the presence of 33 nm Fe3O4@FITC-MS@PEG at the 

concentration of 1000 μg/mL, and no significant hemolysis was detected even after 36-h 

incubation (Figure 4.12), confirming the high biocompatibility of 33 nm Fe3O4@FITC-

MS@PEG NPs to human RBCs. 

4.2.4 Conclusions 

In summary, we have developed a one-pot size-controllable synthesis of 

multifunctional MS NPs having well-ordered structure and large surface areas (700-1000 

m
2
/g), high magnetization (2-12 emu/g), high aqueous dispersity, and diameters less than 

70 nm. Dissolution of embedded Fe3O4 NPs produces hollow MS NPs as well. Visible 

fluorophores, NIR fluorophores, and magnetic NPs are all incorporated into the porous 

silica NPs without compromising the mesoporous structure to facilitate multimodal 

imaging. Importantly, the PEGylated multifunctional MS NPs exhibit excellent colloidal 

stability in aqueous solutions. Hemolysis results further show their high biocompatibility. 

Compared to nonporous silica NPs, MS materials can not only reduce RBC membrane 

damage but also provide a large surface area for drug loading. We believe these 

biocompatiable multifunctional NPs have great potential for biomedical imaging and 

drug delivery applications. 

4.3 Transverse Relaxivity Investigations of Magnetic MS NPs 

4.3.1 Introduction 

Theranostics, devices which enable diagnosis, therapy, and monitoring of therapeutic 

efficacy, are becoming increasingly important tools against diseases such as cancer.  The 

ability to monitor treatment easily can assist physicians in choices regarding dosage or 

even the type of drug used. NP platforms are well suited for incorporation of imaging and 

therapy functionalities for this type of personalized medicine.
37

 In particular, MS NPs 

have emerged as prominent candidates for theranostics.
38,39

 Thus far, various types of 
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imaging agents like fluorescent dyes,
40

 gold nanorods,
41

 radionuclides (Cu
64

),
42

 

superparamagnetic iron oxide NPs (SPIONs, Fe3O4 and γ-Fe2O3)
14,19

 or gadolinium 

complexes
43

 have been incorporated into MS NPs to enable their use in various types of 

bio-imaging, including fluorescence, computed tomography (CT), positron emission 

tomography (PET), and MRI.
14,19,40-42

 Among these multifunctional MS NPs, SPION-

containing MS NPs are some of the most prominent in the literature because they can be 

used both as separation tools and as T2 MRI contrast agents.  The effective contrast 

achieved by MRI contrast agents, generally measured via the relaxivity, ri (i=1 or 2), 

describes the ability of a contrast agent to shorten the T1 or T2 relaxation time of water. 

For SPION-based MRI contrast agents, the signal enhancement ability (r1 or r2) is 

determined by several factors: (1) core size, (2) core composition, (3) surface coating, 

and (4) synergistic magnetism effects from multiple SPIONs.
44-56

  

To incorporate SPIONs into MS NPs, some groups have attached SPIONs to the 

exterior of the MS NPs, allowing the possibility of stimuli-sensitive ‘capped’ MS NPs for 

controlled drug release applications.
13,57

 Alternatively, syntheses are sometimes based on 

a core/shell architecture, which is the focus of the present investigation. Many groups 

have developed syntheses of core/shell magnetic MS NPs (mMS NPs),
14,19,31,58

 often 

leading to significantly different r2 values. For example, core differences may affect the 

r2 value of a particular mMS NP. For example, Kim et al. achieved an r2 of 245 mM
-1

s
-1

 

with 15-nm-diameter Fe3O4 NP cores synthesized via decomposition of iron oleate,
19

 but 

mMS NPs made with 10-nm-diameter Fe3O4 NP cores synthesized via decomposition of 

iron acetylacetonate yielded an r2 value of 153 mM
-1

s
-1

.
14

 Based on these literature 

precedents, it is clear that SPIONs prepared using different methods lead to size and 

crystallinity differences that influence the r2 values. To compare the SPION synthetic 

effects on r2, one must prepare SPIONs with a similar size from two different synthetic 

methods. Additionally, in recent work, silica shell thickness
47,48

 and PEG coating
49,50

 

effects on the r2 of SPION cores have been thoroughly considered, but there have not 

been systematic studies for MS-coated SPIONs. To compare the MS coating thickness 

effects on r2 of SPIONs, it is essential to synthesize SPION-incorporated MS NPs having 

various sizes using the same synthetic route to avoid other possible influencing factors 
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such as particle stability, extent of silica condensation, or extent of oxidation of SPIONs, 

which likely change r2.  

In addition to determining synthetic effects on r2, this work also explores practical 

concerns for long-term mMS NP storage and biological use. Most r2 measurements in the 

literature are performed at only one time point and in D.I. water.  While this initial value 

is important, care must be taken to further examine r2 in multiple scenarios relevant 

before and during theranostic use. Recent studies on other core/shell magnetic NPs have 

revealed relaxivity or magnetic property changes over time, depending on the storage 

conditions or suspension environment.
59,60

 For example, Lee et al. found that the T1 

relaxivity of MnO@SiO2 NPs significantly changed over time at pH 5 due to dissolution 

of MnO to Mn
2+

.
60

 Should mMS NPs be used clinically, they will likely be stored in 

aqueous suspensions for days, weeks, or months. The structure and relaxivity of mMS 

NPs need to be stable for a long period of time. To the best of our knowledge, none of the 

literature studies explore long-term T2 relaxivity stability of silica-coated SPIONs in 

aqueous solutions.  

It is well-known that the degree of aggregation of SPIONs significantly changes their 

T2 relaxivity.
51-53

 This result indicates that particle stability of the silica-coated SPIONs is 

a critical consideration for long-term relaxivity studies. Unless controlled, the unmodified 

MS-coated SPIONs tend to aggregate during the synthesis or template removal 

processes.
31

 To enable long-term relaxivity measurements, mMS NPs having long-term 

particle stability in various media is required. Our group recently utilized a hydrothermal 

treatment to improve colloidal stability of MS NPs without added SPION cores.
61,62

 This 

treatment significantly improved the PEG modification efficiency and reduced the free 

silanol groups on MS NPs, resulting in a great stability improvement for PEGylated MS 

NPs in biological media compared to those without the hydrothermal treatment. Herein, 

this hydrothermal treatment can be simply applied to the synthesis of PEGylated mMS 

NPs to promote long-term colloidal stability.  

To the best of our knowledge, there is no report which examines the effects of 

synthetic variables on the r2 of mMS NPs. In the interest of advancing mMS NPs toward 

clinical trials and beyond, herein we systematically investigate the effects of multiple 
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synthetic variables on r2 to understand major factors in maintaining the r2 of mMS NPs 

and further optimize r2 for future mMS NP systems. In this work, MS shell thickness, 

SPION core synthesis, and the inclusion of a hydrothermal treatment are all investigated. 

The stability of r2 over time is essential, not only for storage, but once in the body. 

Personalized medicine will require high-quality imaging hours or days after 

administration. To this end, mMS NPs must retain particle stability in biological 

environments, and the effectiveness of the contrast agent must be maintained. In addition 

to relaxivity studies, we further examine the protection effect of MS coating on SPIONs 

within acidic environments by monitoring percent iron dissolution from mMS NP 

suspensions over time in highly acidic environments (pH 0). The results of this study will 

better inform synthetic choices regarding clinical mMS NPs, ultimately leading to higher 

image contrast and better personalized patient care. 

4.3.2 Experimental Section  

4.3.2.1 Chemicals 

In addition to the chemicals described in section 4.2.2.1, iron(III) acetylacetonate 

(Fe(acac)3),  benzyl ether, 1,2-dodecandiol (90%), and oleyl amine (70%) were acquired 

from Sigma-Aldrich (Milwaukee, WI). 

4.3.2.2 Synthesis of Hydrophobic Fe3O4 NPs from Co-Precipitation and Thermal 

Decomposition Methods 

The hydrophobic Fe3O4 NPs synthesized from the co-precipitation method have been 

mentioned previously in section 4.2.2.2. An alternate preparation of hydrophobic Fe3O4 

NPs was obtained from a modified thermal decomposition method developed by Sun et 

al.
63

 The Fe3O4 NPs resulting from high temperature decomposition of a organometallic 

precursor, Fe(acac)3, could be obtained by adding 3.949 mL oleyl amine, 3.787 mL oleic 

acid, 1.413 g Fe(acac)3, and 4.047 g 1,2-dodecanediol to 40 mL benzyl ether. The 

chemicals were stirred vigorously under a steady nitrogen flow and heated to 200 °C. The 

mixture was allowed to react for 2 h, turning from red-brown to brown-black. It was then 

heated to 300 °C and allowed to react for 2 h under a nitrogen atmosphere (no flow). The 
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reaction was allowed to cool to room temperature, and the Fe3O4 NPs were collected by a 

series of centrifugation steps. First, 80 mL of 99% ethanol were added to the suspension, 

resulting in black precipitate which was collected by centrifugation at 10,016 g for 10 

min. The black pellet was resuspended in 15 mL hexane along with 50 µL of oleyl amine 

and oleic acid. The suspension was mixed well and centrifuged again to remove large 

aggregates. Finally, 30 mL of ethanol was added again, and the suspension was 

centrifuged.  The pellet was resuspended in 10 mL hexane and stored in a glass 

scintillation vial.  This reaction yielded seed Fe3O4 with diameters of 7.2 ± 1.2 nm.  To 

obtain NPs of comparable diameter to those obtained with the co-precipitation reaction, 

the decomposition reaction was performed again with the following changes: use 168 mg 

Fe3O4 NPs as seed particles, add only 1.263 mL of oleic acid and 1.316 mL of oleyl 

amine, and heat to 100 °C for 30 min to evaporate hexane before continuing to 200 °C. 

The resultant Fe3O4 NPs were separated as described above and displayed diameters of 

10.5 ± 1.4 nm (n=300). 

4.3.2.3 Preparation of PEGylated mMS NPs and Hydrothermally Treated mMS NPs 

with Various Sizes 

Synthesis of PEGylated mMS NPs with various diameters and purification schemes 

were performed according to our previous work.
58

 First, 0.29 g CTAB and 0.20 g PVP-10 

were dissolved in 5 mL D.I. water. A total of 8.2 mg (for 62-nm-diameter mMS NP 

synthesis), 32.7 mg (for 43-nm-diameter mMS NP synthesis), or 65.4 mg (for 35-nm-

diameter mMS NP synthesis) Fe3O4 NPs were then added from the chloroform or hexane 

suspensions described above. The mixture was sonicated and heated at 40 °C for 1 h to 

evaporate the solvent and allow aqueous suspension of organically-coated Fe3O4 NPs. 

Next, the Fe3O4 NP suspension was added to 150 mL of a 0.256 M NH4OH solution and 

heated at 50°C with stirring (300 rpm) for 1 h. The reaction flask was covered with 

parafilm for the first hour to prevent evaporation of ammonia and subsequent pH changes.  

The parafilm was removed; stirring was increased to 600 rpm, and 3 mL 0.88 M 

ethanolic TEOS were added. The suspension became lighter in color and more opaque 

and was then heated at 50 °C for 1 h. Next, 540 μL of PEG-silane was added. The 
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suspension was stirred for 30 more min, and then allowed to age at 50 °C for 20 h 

without stirring. The suspension was filtered through a 0.45 μm filter and diluted to 50 

mL with D.I. water. If hydrothermal treatment was applied, the as-synthesized NP 

solution was heated in a sealed container at 90 °C for 24 h. Surfactants were removed 

from the pores by several centrifugation steps. The as-synthesized suspension was 

centrifuged (66,226 g for 30 min), then redispersed in 75 mM ethanolic NH4NO3 and 

heated at 60 °C for 1 h. That suspension was then centrifuged and redispersed in 95% 

ethanol and 0.012 M HCl, consecutively. Once redispersed in HCl, the suspension was 

heated and stirred at 60°C for 2 h, then centrifuged and redispersed in 95% ethanol and 

99% ethanol, consecutively. Finally, the suspension was centrifuged once more, 

redispersed in ~10 mL of 99% ethanol, and stored for further use. 

4.3.2.4 Characterization 

The TEM, XRD, and DLS characterization methods have been described in Chapter 

Two, section 2.3.1.3.  

N2 adsorption-desorption measurements: The N2 adsorption-desorption isotherms were 

measured on a Micromeritics ASAP 2020 (Norcross, GA) at 77K. Prior to measurements, 

samples were degassed at 120 °C for 18 h. The surface area and pore size of samples 

were determined by the BET and BJH methods, respectively. 

T2-Relaxivity measurements: Relaxometry measurements were performed on a Bruker 

Minispec mq60 NMR Analyzer (Billerica, MA) at 60 MHz. T2 relaxation values were 

obtained by performing a Carr-Purcell-Meiboom-Gill sequence on 400 μL sample 

solutions and are reported as the average of three measurements. r2 values were obtained 

by plotting 1/T2 vs. [Fe] for 5 dilutions of each sample and fit to the following equation: 

 

         
          

 

      
 

ICP-OES for Iron quantitation: ICP-OES quantitation of iron was performed on a 

Thermo Scientific iCAP 6500 dual view ICP-OES (West Palm Beach, FL) at a power of 

1150 W. A cesium matrix modifier and an yttrium internal standard were used to confirm 

iron quantification. 
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4.3.3 Results and Discussion 

4.3.3.1 Synthesis and Characterization of mMS NPs 

To determine the effects of various synthetic parameters on r2, PEGylated mMS NPs 

were synthesized using our previously developed method
58

 with several different 

conditions.  First, the synthesis of the SPION cores (Fe3O4 NPs) was performed via two 

routes, a co-precipitation reaction of iron salts
25

 and a decomposition of iron 

acetylacetonate, Fe(acac)3.
63

 Samples of varying silica shell thickness (35-, 43-, and 62-

nm-diameters) were synthesized by adjusting the concentration of Fe3O4 NPs added to 

the mMS NP synthesis. Lastly, a subset of samples underwent a hydrothermal treatment 

wherein they were aged in water at 90°C for 24 h prior to surfactant removal and 

purification steps. Samples are named according to each of these variables. For example, 

mcMS43-no hy has a SPION core prepared from the co-precipitation method, a 43 nm 

diameter, and did not undergo hydrothermal treatment. Comparatively, a sample 

designated as mdMS43-hy has a thermal decomposition SPION core, a 43 nm diameter, 

and underwent hydrothermal treatment. All samples used in this work were modified 

with PEG. 

Representative TEM images of mMS NPs for several conditions are shown in Figure 4.13 

with diameter analysis compiled in Table 4.2. All samples show mMS NPs which contain 

an average of 1 to 2 magnetic cores with a consistent core diameter of 9-10 nm. The 

different core syntheses alone do not appear to have a significant effect on mMS NP size, 

shape, or number of incorporated cores. In all conditions, the core is not always located at 

the center of the mMS NPs. This inhomogeneity makes it inappropriate to compare the 

effects of silica shell thickness on r2. Instead, r2 is monitored as a function of total mMS 

NP diameter. The morphological effects of the hydrothermal treatment can be seen in 

Figure 4.13b, d, f, and h. The more PEG modification on/in the pores and complete silica 

condensation contributes to some disorder of pore structure compared to the NPs that did 

not undergo hydrothermal treatment. This effect of hydrothermal treatment is similar to 

that seen in our previous work.
61,62

  

Further mMS NP characterization is shown in Figure 4.14 and 4.15. XRD spectra at 

low angles show peaks indicative of 2D hexagonal order, representing the ordering of the 
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Figure 4.13 Representative TEM images showing mMS NPs of varying sizes, SPION cores, and 

hydrothermal treatment. (a) mcMS35-no hy, (b) mcMS35-hy, (c) mcMS43-no hy, (d) mcMS43-hy, (e) 

mcMS62-no hy, (f) mcMS62-hy, (g) mdMS43-no hy, and (h) mdMS43-hy. 

Table 4.2 TEM Analysis for PEGylated mMS-no hy and mMS-hy NP Diameter, Number of SPION cores 

Per mMS NP, and SPION Diameter 

 

MS pores inside mMS NPs. The smaller peaks at (110) and (200) indicate long range 

order, which is more apparent in larger mMS NPs and in samples that did not undergo 

hydrothermal treatment (Figure 4.14). The broader and lower intensity peaks for 

hydrothermally-treated samples is indicative of pore disorder in agreement with TEM 

(Figure 4.13). N2 adsorption-desorption isotherms (Figure 4.15), surface area, and pore 

size (Table 4.3) of all the mMS samples are shown to be dependent on diameter and 

hydrothermal treatment. Contrary to the behavior seen in solid nonporous NPs,
64

 the 

surface area of mMS NPs increases with increasing diameter, indicating that the 
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mesopores make up the majority of the surface area. Hydrothermal treatment results in a 

loss of surface area and decrease in pore size, likely because the small PEG-silane 

moieties diffuse into pores and modify the inner pore surface or incorporate into the MS 

framework during the heating process. These results are consistent with our previously 

reported work.
61,62 

 

Figure 4.14 XRD pattern comparison of non-hydrothermally treated and hydrothermally treated PEGylated 

mMS NP. (a) mcMS35-no hy and mcMS35-hy; (b) mcMS43-no hy and mcMS43-hy; (c) mcMS62-no hy and 

mcMS62-hy; (d) mdMS43-no hy and mdMS43-hy. 
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Figure 4.15 N2 adsorption-desorption isotherms of non-hydrothermally treated and hydrothermally treated 

PEGylated mMS NP. (a) mcMS35-no hy and mcMS35-hy; (b) mcMS43-no hy and mcMS43-hy; (c) 

mcMS62-no hy and mcMS62-hy; (d) mdMS43-no hy and mdMS43-hy. 

Table 4.3 Physical Properties of PEGylated mMS-no hy and mMS-hy NPs with Varied Sizes and SPION 

Cores 
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Table 4.4 Hydrodynamic Sizes of PEGylated mMS-no hy and mMS-hy NPs with Varied Sizes and SPION 

Cores 

 

The hydrodynamic sizes of PEGylated mMS NPs in various media, including D.I. 

water, PBS, DMEM+10% FBS, and SBF are summarized in Table 4.4. Compared to the 

consistency in hydrodynamic size of hydrothermally treated PEGylated mMS NPs in 

biological media, a significant increase in hydrodynamic size is detected in PEGylated 

mMS NPs without hydrothermal treatment. In addition, Figure 4.16 further shows the 

hydrothermal treatment effect on long-term particle stability (hydrodynamic diameter 

over time) of mdMS43 NPs in SBF at 37 °C. Compared to mdMS43-hy, the mdMS43-no 

hy sample aggregated and precipitated after 1 day aging in SBF at 37 °C (inset of Figure 

4.16). These results further confirm our previous work
 
that the hydrothermal treatment 

supports MS colloidal stability in biologically relevant environments.
61,62

  

4.3.3.3 Effects of mMS NP diameter on T2 relaxivity 

The r2 values of hydrothermally treated and non-hydrothermally treated mMS NPs 

with varying diameters (and hence MS shell thickness) upon exposure to D.I. water are 

shown in Figure 4.17 a and b. The r2 values were determined immediately upon transfer. 

No significant r2 difference exists between any of the tested diameters (either in 

hydrothermally treated or non-hydrothermally treated samples), indicating a lack of r2 

dependence on particle diameter for at least the range of sizes considered herein. 
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Figure 4.16 Long-term particle stability of mdMS43-no hy and mdMS43-hy in SBF at 37 °C. Inset: A 

Photograph of mdMS43-no hy and mdMS43-hy suspensions after 3-day aging  in SBF at 37 °C. 

 

Figure 4.17 r2 values of mcMS NPs having varied sizes (a) without and (b) with hydrothermal treatment. 

This result is encouraging, as it suggests that diameter (up to 62 nm) has no critical 

influence on r2. Researchers will be free, then, to change NP size for practical reasons 

without worrying about r2 losses due to different size or thickness of MS coating. The r2 
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of SPIONs is largely dictated by an outer sphere relaxation mechanism wherein water 

molecules diffuse in and out of the inhomogenous magnetic field generated by the 

SPIONs.
65

 In previous studies, coating SPIONs with amorphous nonporous silica shells 

resulted in decreased r2 with increasing SiO2 thickness, due presumably to the exclusion 

of water from the SPION environment.
47,48

 In the case of mMS NPs, however, we do not 

observe any coating shell thickness effect on r2 of mMS NPs. It is likely that water 

molecules are able to diffuse through the mesopores toward the SPIONs located 

inhomogenously inside the MS NPs, fulfilling the outer sphere relaxation condition.  

 

Figure 4.18 TEM images of (a) co-precipitation Fe3O4 NPs (mc), d=10±3 nm (n=300) and (b) thermal 

decomposition Fe3O4 NPs (md), d=10±1 nm (n=300). (c) Effect of core synthesis on r2 of mMS43-no hy 

and mM43-hy NPs. (d) r2 value comparison for mcMS and mdMS NPs with and without hydrothermal 

treatment. * represents p < 0.05. 
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4.3.3.2 Effects of SPION Core Synthesis and Hydrothermal Treatment on T2 

Relaxivity 

In addition to investigating the size effects of MS coating on SPIONs, we also compare 

the effects of different SPION synthesis and hydrothermal treatment on the r2 of mMS 

NPs. TEM images of the as-synthesized Fe3O4 NP cores prepared from the co-

precipitation and thermal decomposition method are shown in Figures 4.18a and b, 

respectively. It is clear that the SPIONs prepared from the thermal decomposition method 

are more uniform in size and shape, compared to SPIONs made from the co-precipitation 

method. Figure 4.18c shows the comparison of measured r2 values for mMS NPs with 43 

nm diameter prepared with the different SPION cores. A significant difference in r2 is 

observed between mcMS43 and mdMS43 NPs. Both the mdMS43-no hy and mdMS43-hy 

NPs show a clear enhancement of r2 (~28-35 % greater r2) compared to mcMS NPs 

without/with hydrothermal treatment. This result is likely due to a lower saturation 

magnetization of co-precipitation Fe3O4 cores, compared to thermal decomposition 

SPIONs.
 
It is known that the co-precipitated SPIONs have lower saturation magnetization 

than thermal decomposition SPIONs due to large size distribution and 

polycrystallinity.
44,56

 

Compared to non-hydrothermally treated samples, a decrease in r2 exists for all mcMS 

and md MS NPs with hydrothermal treatment, though the difference is only statistically 

significant between md MS43-no hy and md MS43-

hy (Figure 4.18d). This difference is very likely 

due to an oxidation of Fe3O4 (magnetite) to γ-

Fe2O3 (maghemite) that occurs during the 

hydrothermal treatment process, causing a 

decrease of saturation magnetization in 

hydrothermally treated mMS NPs. In recent work, 

Rebodos and Vikesland showed that the oxidation 

of Fe3O4 NPs caused a decrease of saturation 

magnetization.
66

 In addition, the Fe3O4 NPs have 

been shown to easily oxidize to γ-Fe2O3 by heating Figure 4.19 A photograph of mdMS43-no 

hy and mdMS43-hy NP suspension 

solutions. 
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at 100 °C for 30 min under aeration in the literature,
67 

and this oxidation can be simply 

observed by a color change in the mMS NP solution after hydrothermal treatment. As 

seen in Figure 4.19, the hydrothermally treated mdMS NPs display a more brownish and 

yellowish color than the non-hydrothermally treated samples. Although samples without 

hydrothermal treatment show consistently higher r2 values than hydrothermally treated 

samples, the poor particle stability of non-hydrothermally treated mMS NPs limits their 

practical use. The clear imaging benefit will have to be balanced in practical use, as 

thermal decomposition SPIONs require more time and higher temperatures to synthesize 

and have lower product yields than co-precipitated SPION cores. 

 

Figure 4.20 r2 behavior and of mMS-no hy and mMS-hy NPs in D.I. water over 32 days. Figures a-d are 

plotted as absolute r2 value vs time. Figures e-f are plotted as percent original r2 vs time. 

4.3.3.4 Long-Term T2 Relaxivity Stability and Acid Dissolution Resistance Based on 

Hydrothermal Treatment 

Several reports on MRI contrast agents have shown that NP relaxivity values may 

change over time depending on the environment of the NP.
59,60

 Therefore, r2 values of 

mMS NPs with differing cores and hydrothermal treatments should be monitored over 

time in various media. Initial measurements were made on mMS NPs suspended in D.I. 

water. DLS data show that these mMS NPs exhibit colloidal stability in D.I. water, 

negating the possibility of r2 changes being caused by aggregation. The r2 values of all 
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mMS NPs over 32 day aging in D.I. water are shown in Figure 4.20. Both mcMS and 

mdMS NPs exhibited similar behavior, with hydrothermally treated samples retaining the 

original r2 values while samples without hydrothermal treatment dropped to 80% of 

original r2 values in just eight days storage in D.I. water at RT. Though all the initial r2 

values of non-hydrothermally treated mMS NPs are higher than hydrothermally treated 

counterparts, the values decrease to similar or even lower than hydrothermally treated 

mMS NPs after eight days storage. This result is important as it suggests that, without 

hydrothermal treatment or other modifications, mMS NPs will have a short shelf life. The 

r2 drop is likely due to the oxidation of Fe3O4 in water. During hydrothermal treatment, 

the Fe3O4 core oxidizes to more stable γ-Fe2O3 crystal structure and more complete PEG 

coating and silica condensation may lead to a protective layer surrounding the SPION 

cores, keeping them from oxidizing longer than in the case of the samples without 

hydrothermal treatment. 

Because NPs interacting with cells are likely to be taken up into acidic compartments 

and SPIONs are easily dissolved in acidic environments,
68,69

 we investigated the 

hydrothermal treatment effect on mMS NP acid resistance, comparing 1 mg/mL of 

mdMS43-no hy and mdMS43-hy NPs suspended in 1 M HCl (pH=0). The SPION 

dissolution was monitored for 24 h. After 24-h acid aging, the NPs were collected by 

centrifugation and dissolution was monitored based on the color of the NP pellet. Figure 

4.21a clearly shows that a transparent pellet was obtained from mdMS43-no hy NPs, 

indicating a complete dissolution of incorporated SPIONs. In addition, iron dissolution 

data (analyzed by ICP-OES) shows that 99% of SPIONs in mdMS43-no hy NPs were 

dissolved after 24-h incubation in 1 M HCl at RT but only 19 % of SPIONs dissolved 

from mdMS43-hy NPs. The TEM images of mdMS43-no hy and mcMS43-hy after acid 

aging (Figure 4.21b and c) clearly show that, for hydrothermally treated mdMS43 NPs, 

most of the magnetic cores remain intact after one day RT aging in pH 0 at particle 

concentration of 1 mg/mL, while the cores of non-hydrothermally treated samples are 

completely absent. This result shows that hydrothermal treatment results in more 

complete condensation of the silica layer on SPIONs and provides better protection for 

SPIONs against oxidation and dissolution. 
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Figure 4.21 (a) A photograph and TEM images of (b) mdMS43-no hy and (c) mdMS43-hy NPs after 24-h 

aging in 1M HCl. 

4.3.4 Conclusions 

In this work, we investigated the effects of several synthetic parameters on the r2 

values of mMS NPs for biomedical imaging applications. The mMS NP diameter appears 

to have no significant effect on r2 in the measured range, indicating a fundamental 

difference between solid and porous silica as a magnetic NP coating material.  Successful 

mMS NP syntheses were performed by coating MS onto Fe3O4 NPs from different 

protocols. Fe3O4 NPs made via a decomposition reaction displayed 26% higher r2 values, 

but cost and scale up considerations will be important in choosing between the co-

precipitation and thermal decomposition reactions that produce these SPIONs. The 

hydrothermal treatment, found earlier to support colloidal stability, also has a 

demonstrated effect on both particle r2 stability and acid resistance of mMS NPs. 

Samples without hydrothermal treatment lose 20% of their r2 within just eight days of 

suspension in water, a likely storage medium. Finally, the iron dissolution rate of mMS 

NPs with/without hydrothermal treatment was investigated, and it was found that the 

hydrothermal treatment could provide better resistance to acidic etching of the magnetic 

core.  

4.4 Chapter Summary 

In this chapter, the development of size-controllable multifunctional MS NPs and 

investigations of the various effects on T2 relaxivity of mMS NPs has been discussed. 

Small multifunctional MS NPs can be simply synthesized using a one-pot route. Based on 
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experience from MS NP stability studies, hydrothermal treatment is further applied to 

improve the particle stability, r2 stability, and acid resistance of SPION-incorporated MS 

NPs. 
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Chapter Five 

In Vitro Toxicity of Graphene Oxide and Graphene in Human Erythrocytes and 

Skin Fibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was adapted from  

Liao, K.-H.
†
; Lin, Y.-S.

†
; Macosko, C. W.; Haynes, C. L. ACS Appl. Mater. Interfaces 

2011, 3, 364-374. (
†
Contributed equally to this work)  

 

Graphene oxide and graphene synthesis, XRD, AFM, and XPS measurements were 

performed by Ken-Hsuan Liao. All DLS, ζ-potential measurements, cell culture, and in 

vitro toxicity assays were performed by Yu-Shen Lin. 
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5.1 Overview  

Two-dimensional carbon-based nanomaterials, including graphene oxide and graphene, 

are potential candidates for biomedical applications such as sensors, cell labeling, 

bacterial inhibition, and drug delivery. Herein, we explore the biocompatibility of 

graphene-related materials with controlled physical and chemical properties. The size and 

extent of exfoliation of graphene oxide sheets was varied by sonication intensity and time. 

Graphene sheets were obtained from graphene oxide by a simple (hydrazine-free) 

hydrothermal route. The particle size, morphology, exfoliation extent, oxygen content, 

and surface charge of graphene oxide and graphene were characterized by wide-angle 

powder XRD, atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), 

DLS, and ζ-potential. One method of toxicity assessment was based on measurement of 

the efflux of hemoglobin from suspended RBCs. At the smallest size, graphene oxide 

showed the greatest hemolytic activity, whereas aggregated graphene sheets exhibited the 

lowest hemolytic activity. Coating graphene oxide with a biopolymer, chitosan nearly 

eliminated hemolytic activity. Together, these results demonstrate that particle size, 

particulate state, and oxygen content/surface charge of graphene have a strong impact on 

biological/toxicological responses to RBCs. In addition, the cytotoxicity of graphene 

oxide and graphene sheets was investigated by measuring mitochondrial activity in 

adherent human skin fibroblasts using two assays. The MTT assay, a typical nanotoxicity 

assay, fails to predict the toxicity of graphene oxide and graphene toxicity because of the 

spontaneous reduction of MTT by graphene and graphene oxide, resulting in a false 

positive signal. However, appropriate alternate assessments, using the water-soluble 

tetrazolium salt (WST-8), trypan blue exclusion, and reactive oxygen species assay reveal 

that the compacted graphene sheets are more damaging to mammalian fibroblasts than 

the less densely packed graphene oxide. Clearly, the toxicity of graphene and graphene 

oxide depends on the exposure environment (i.e., whether or not aggregation occurs) and 

mode of interaction with cells (i.e., suspension versus adherent cell types). 

5.2 Introduction 
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Graphene, a two-dimensional carbon sheet with single-atom thickness, has recently 

attracted significant interest due to its unique mechanical and electrical properties.
1
 This 

newly discovered material has a wide range of potential applications including 

transistors,
2
 transparent conductors,

3
 surfactants,

4
 polymer reinforcement,

5
 and 

biodevices.
6
 Recently, similar to carbon nanotubes (CNTs), biological applications of 

graphene sheets (GS) and graphene oxide (GO) have attracted attention in the scientific 

community based on their great potential for bacterial inhibition,
7
 drug delivery,

8
 and 

photothermal therapy.
9
 Graphene morphology is distinct from that of CNTs; for example, 

the length of CNTs influence their toxicity but GS and GO do not have a “length”. One 

similarity between the materials is that both GO/GS
5
 and CNT

10
 structures vary 

according to the synthetic processes employed, which can also change their physical 

properties, such as dispersity, surface functionality, and their toxicity.
11

 Several methods 

have been reported to produce graphene economically.
12,13

 The method employed herein 

starts with exfoliation of graphite oxide to single-layered GO followed by reduction of 

the GO to GS. GO can be chemically reduced without changing the sheet size because 

hydroxyl and epoxy groups are converted into carbon-carbon double bonds by 

dehydration or other reactions.
13,14

 

Even with the aforementioned promise of graphene-based materials, there are only a 

few studies investigating the in vitro cytotoxicity of GO and GS to bacterial or 

mammalian cells, all published in 2010 and 2011.
8,15-19

 For toxicity of graphene and its 

derivatives to bacteria, Hu et al. reported that GO and reduced GO (rGO) inhibit bacterial 

growth with minimal toxicity to human alveolar epithelial A549 cells.
7
 Akhaven et al. 

compared the toxicity of GO and rGO on Escherichia and Staphylococcus bacteria and 

found (1) that GO and rGO caused bacterial membrane damage and (2) that the 

hydrazine-reduced GO was more toxic than untreated GO.
15

 They attributed the toxicity 

of their reduced GO to sharper nanowalls. In the case of cytotoxicity of GO and GS to 

adherent mammalian cells, Biris and co-workers demonstrated that both GS and CNTs 

induce cytotoxic effects on phaeochromocytoma (PC-12) cells; they also concluded that 

the CNTs are more toxic than graphene and that the shape of these carbon-based 

nanomaterials plays an important role in their cytotoxicity.
16

 In very recent work, Wang 
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et al. demonstrated that GO has dose-dependent toxicity to human fibroblast cells with 

the GO causing obvious toxicity when the dose is higher than 50 μg/mL.
17

 On the 

contrary, two other very recent reports show high biocompatibility of GO or GS.
18,19

 

Ryoo et al. reported that GO and GS substrates were highly biocompatible and improved 

gene transfection efficacy in NIH-3T3 fibroblasts.
18

 Chang et al suggested GO will not 

enter A549 cells and showed no obvious toxicity to A549 cells, regardless of the size or 

dose of GO.
19

 To summarize, the limited published work indicates that both GO and GS 

have high bacterial toxicity but there is no consensus on cellular toxicity. One likely 

source of this apparent disagreement is that the physicochemical properties of GO or GS, 

such as size, surface charge, particulate state, surface functional groups, and residual 

precursors, are not always well controlled, though they likely have significant influence 

on biological/toxicological activity.
20

 Another possibility is that the most commonly used 

viability assay, the MTT assay, is not appropriate for work with carbon-based 

nanomaterials like carbon black and CNTs.
21,22

 

To date, the reported literature only probes the in vitro toxicity of GO and GS in 

bacterial, adherent mammalian, or cancerous cells. Likely because of the recent discovery 

and progress on graphene, none of this work has investigated and compared the effect of 

the particulate state of GO and GS on the response of suspended cells like RBCs and 

adherent cells like human skin fibroblast cells. In this work, we aim to systematically 

study the effects of GO exfoliation, size, oxygen content, and particulate state on RBCs, a 

likely site of interaction for biomedical applications that require intravenous injection, as 

well as human skin fibroblasts, a likely target upon dermal interaction. RBC toxicity is 

assessed by tracking hemolysis, or the release of hemoglobin upon cell lysis, under 

various nanomaterial exposure conditions while fibroblast toxicity is assessed with a 

comparison between the well-established MTT and WST-8 assays. Together, these data 

reveal some critical chemical and physical parameters that determine the biocompatibility 

and promise of these exciting new materials. On the basis of likely broad future use of 

GO and GS in a variety of products, it is critical to consider cytotoxicity of well-

characterized graphene materials on the cell types that are most populous in the body and 

likely to interact with foreign materials. 
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5.3 Experimental Section 

5.3.1 Synthesis of GO, GS and Chitosan-Coated GO (GO/chitosan) 

A graphite oxide particle suspension was synthesized using Hummers’ method;
23

 and a 

detailed process has been reported in our collaborator’s paper.
13

 We chose this simple, 

hydrazine-free method to synthesize graphene oxide and graphene sheets to avoid any 

unintentional toxicity from the highly toxic hydrazine species. Graphite oxide was 

dialyzed (Spectrum Laboratories; 5 nm pore size) against D.I. water for 48 h. The D.I. 

water was changed every 4 h. To obtain GO samples, graphite oxide was redispersed in 

D.I. water at 1 wt % concentration and sonicated with a bath-sonicator (Branson 2510; 

100 W) or probe-sonicator (Cole Parmer; CPX750, 750W) for various sonication times as 

described in the Characterization section. GS was produced from pGO-5 using the 

dehydration process reported in our previous paper.
13

 To provide an acid environment for 

dehydration of hydroxyl groups
8
 on pGO-5, HCl was added into the pGO-5/D.I. water 

solution (1 wt %; yellow solution) until the pH reached ∼3. A sealed pressure cooker 

(PRESTO, 12-Quart) was used to heat the solution to 130 °C for 20 h. The solution 

turned from homogeneous yellow to a layered suspension with clear water on the top and 

fluffy black precipitate on the bottom. All the GO and GS samples used for cytotoxicity 

experiments were dialyzed in regenerated cellulose tubing (with a molecular weight cut 

off, of 12,000-14,000, Fisherbrand, Pittsburgh, PA) against two liters of D.I. water for at 

least 6 days. The pH of GO and GS suspensions after dialysis was around 5. 

The GO after 30-min probe sonication, pGO-30, was coated with a biocompatible 

polymer, chitosan using a modified procedure published by Fang et al.
24

 A pGO-30 

suspension in D.I. water (3 mL, 0.5 mg/mL) was gradually added to a low molecular 

weight chitosan (Mw<6000, Sigma-Aldrich, Milwaukee, WI) solution (3 mL, 0.5 mg/mL 

in 0.01 M HCl) under stirring at room temperature. After 24-h stirring, the stock 

GO/chitosan solution was transferred to phosphate buffered solution (PBS) and 

centrifuged at 10,016 g (8500 rpm) for 10 min. The obtained pGO/chitosan particles were 

further washed with PBS two times to remove any excess chitosan. The washed 

pGO/chitosan particles were then dispersed in 6 mL of PBS for use in the hemolysis 

assay. 
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5.3.2 Characterization  

Wide-angle powder XRD (WXRD): GO and GS powders were obtained after drying the 

aqueous GO and GS suspensions using a rotary evaporator (IKA RV10, Wilmington, NC) 

equipped with a self-cleaning dry vacuum system (WELCH, Niles, IL). The WXRD 

measurements for GO and GS were performed on a Bruker-AXS D-5005 (Siemens) with 

filtered Cu Kα source (2.2 kW) at 45 kV and 40 mA. Data were recorded by step scanning 

with a step size of 0.040° and a step time of 1.0 s. 

AFM: Single drops of GO, bGO, pGO-5, and pGO-30 aqueous suspensions were spin-

coated onto separate mica substrates (Ted Pella, Redding, CA) at 4000 rpm for 30 s and 

air-dried at 45 °C for 3 h. A drop of dispersed GS in co-solvent (10 wt % D.I. water and 

90 wt % dimethylformamide) was dropped onto a mica substrate and air-dried at 65 °C 

for 3 h. Noncontactmode AFM (Digital Instrument, Nanoscope III Multimode AFM) was 

used for measurements. 

XPS: GO, bGO, pGO-5, pGO-30 and GS were dried in a vacuum oven at 65 °C for 3 h 

before the XPS measurements. The XPS spectra were recorded on a Surface Science 

SSX-100 spectrometer equipped with a monochromatic Al Kα radiation source. 

DLS: The hydrodynamic diameter of GO, bGO, pGO-5, pGO-30 and GS was 

determined using a 90Plus/BIMAS particle size analyzer (Brookhaven Instruments 

Corporation, Holtsville, NY). All the particles were suspended in D.I. water and PBS at a 

concentration of 50 μg/mL. Three runs and one minute run duration were set for each 

measurement. Each measurement was repeated on three cuvettes taken from the same 

solution. 

ζ-potential measurements: All GO and GS samples were prepared in D.I. water, PBS, 

and cell culture medium at a concentration of 50 μg/mL. ζ-potential was determined 

using a ZetaPALS Zeta-Potential Analyzer (Brookhaven Instruments Corporation, 

Holtsville, NY) equipped with a 35 mW red diode laser (660 nm). Five runs and ten 

cycles were set for each measurement. Each sample was measured at least three times. 

Optical microscopy: Following 3-h exposure to pGO-5, pGO-30, and GS sheets (25 

μg/mL) at 37 °C with agitation, washed RBCs were transferred to a 35 × 10 mm Petri 

dish (Falcon, Franklin Lakes, NJ) and observed under a Nikon Eclipse TE 2000-U 
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inverted microscope (Nikon USA, Melville, NY). The optical images were recorded 

using a QUANTEM: 512SC camera (Photometrics, Tucson, AZ) with Meta-Morph 

imaging software (Molecular Devices, Downingtown, PA). 

5.3.3 Hemolysis Assay 

Fresh EDTA-stabilized human whole blood samples were purchased from Memorial 

Blood Center (St. Paul, MN). Typically, 5 mL of whole blood was added to 10 mL of 

calcium- and magnesium-free Dulbecco’s PBS and centrifuged at 500 g for 10 min to 

isolate RBCs from serum. This purification step was repeated five times, and then the 

washed RBCs were diluted to 50 mL in PBS. To test the hemolytic activity of GO and 

GS samples, 0.2 mL of diluted RBC suspension (around 4.5 × 10
8
 cells/mL) was added to 

0.8 mL of GO and GS suspension solutions in PBS at different concentrations. The 250 

μg/mL of GO or GS stock solutions in PBS were prepared by adding 0.8 mL of 500 

μg/mL of GO or GS particle solutions in D.I. water to 0.8 mL of 2X PBS solutions. The 

final concentration of GO and GS ranges from 3.125 to 200 μg/mL. D.I. water (+RBCs) 

and PBS (+RBCs) were used as the positive control and negative control, respectively. 

All the samples were placed on a rocking shaker in an incubator at 37 °C for 3 h. After 

incubation, the samples were centrifuged at 10,016 g for 3 min. The hemoglobin 

absorbance in the supernatant was measured at 540 nm, with 655 nm as a reference, using 

an iMark microplate reader (Bio-Rad, Hercules, CA). Percent hemolysis was calculated 

using an equation described in Chapter Three section 3.4.1.7. 

5.3.4 MTT Viability Assay 

Human skin fibroblast cells (CRL-2522) were purchased from ATCC (Manassas, VA). 

Typically, 6×10
4
 cells were seeded in 96-well plates and MEM with Earle’s balance salt 

and L-glutamine, supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2. After 

24 h, the cells were washed with 100 μL of serum-free MEM (1% PS) twice and 

incubated with 100 μL of different concentrations of pGO-5 and GS suspensions in 

serum-free MEM (1% PS). The pGO-5 and GS particles used for viability assays were 
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washed with serum-free MEM (1% PS) five times. After 24 h exposure, the cells were 

washed twice with 100 μL of serum-free MEM and incubated with 100 μL of 0.5 mg/mL 

MTT containing media for 2 h at 37 °C under 5% CO2. Finally, the MTT containing 

media was removed and the insoluble purple formazan crystals produced by live cells 

were dissolved in 100 μL of DMSO. The plate was placed on a rocking shaker for at least 

20 min and then 80 μL of the purple DMSO solution in each well was transferred to a 

new 96-well plate, because residual pGO-5 or GS can affect the absorbance values at 570 

nm. Optical density of the produced stain was monitored at 570 nm, with 655 nm as a 

reference, using an iMark microplate reader (Bio-Rad, Hercules, CA). The cell viability 

was determined by mitochondrial activity, which was calculated using an equation in 

Chapter Three, section 3.4.1.7. Cells without particle exposure were used as control. In 

addition, cell-free control experiments were performed to see if the GO and GS react 

directly with the MTT reagents. Typically, pGO-5 and GS particles with different 

concentration (3.125-200 μg/mL) were suspended in 1 mL of 0.5 mg/mL of MTT 

solution (in MEM). After 2-h incubation at 37 °C under 5% CO2, the pGO-5 and GS 

particles were centrifuged and washed with PBS one time. To see if any insoluble 

formazan formed during incubation, we added 1 mL of DMSO to redisperse the pelleted 

particles. The suspended pGO-5 and GS particles were centrifuged again and the optical 

density of DMSO supernatant at 570 nm (655 nm as reference) was used to see if the 

MTT reagent reacted with pGO-5 and GS particles. 

5.3.5 WST-8 Viability Assay 

In addition to the MTT assay, cell viability was measured using a cell counting kit-8 

(CCK-8, Dojindo, Rockville, MD). Typically, 6×10
4
 cells were seeded in a 96-well plate 

and cultured in MEM supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2. 

After 24 h, the cells were washed with 100 μL of serum-free MEM (1% PS) two times 

and incubated with 100 μL of different concentrations of pGO-5 and GS suspensions in 

serum-free MEM (1% PS). After 24-h exposure, the cells were washed twice with serum-

free MEM and 15 μL of CCK-8 solution was added to each well containing 100 μL of 

serum-free MEM. After 1-h incubation at 37 °C under 5 % CO2, 80 μL of the mixture 
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was transferred to another 96-well plate, because residual pGO-5 or GS can affect the 

absorbance values at 450 nm. The absorbance of the mixture solutions was measured at 

450 nm with 655 nm as a reference, using an iMark microplate reader. The viability was 

calculated using eq 1 shown below. The cell-free control experiments were performed to 

see if the GO and GS react directly with the WST-8 reagents. Typically, 100 μL of pGO-

5 and GS particles with different concentration (3.125-200 μg/mL) were added to a 96-

well plate and 10 μL of WST-8 reagent solution was added to each well; the mixture 

solution was incubated at 37 °C under 5% CO2 for 1 h. After incubation, the pGO-5 and 

GS particles were centrifuged and 50 μL of supernatant was transferred to another 96-

well plate. The optical density at 450 nm (655 nm as reference) of each control was used 

to see if the pGO-5 and GS particles react with WST-8 reagents. 

                              

  
                     

                      
                          

5.3.6 Control Experiments for LDH Assay 

Cell-free control experiments were performed with the commonly employed LDH 

assay to see if the GO and GS react directly with the LDH enzyme. First, 100 μL of 

serum-free MEM, pGO-5 and GS at 25 μg/mL (in serum-free MEM) were added to each 

well in a 96-well plate. One μL of LDH was added to each well. The mixture was 

incubated at 37 °C under 5% CO2 for 4 h. After incubation, the plate was centrifuged at 

250 g for 10 min and 10 μL of supernatant was transferred to another well and then 100 

μL of water soluble tetrazolium salt substrate mix (WST-8 from LDH kit, BioVision, 

Milpitas, CA) was added. After 30 min, absorbance of the mixture solutions was 

measured at 450 nm with 655 nm as a reference, using an iMark microplate reader. 

5.3.7 Trypan Blue Exclusion Viability Assay  

The cell viability was evaluated using the trypan blue exclusion assay. The human skin 

fibroblast cells were seeded in a 96-well plate (6×10
4
 per well) and cultured in MEM 

supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2. After 24 h, the cells 
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were washed with serum-free MEM (1% PS) two times and incubated with 100 μL of 

different concentrations of pGO-5 and GS particles (50-200 μg/mL) in serum-free MEM 

(1% PS). After 24h exposure, the cells were washed with serum-free MEM (without 

phenol red) three times and detached by adding 200 μL of trypsin-EDTA solution. Then, 

10 μL of cells suspension was added to 10 μL of trypan blue (in 0.85% saline). The cell 

number was counted using hemocytometer. The cell viability is determined as percentage 

of the cell number of sample well (cells exposed to pGO-5 or GS) to control well (cells 

without pGO-5 or GS exposure). 

5.3.8 Bio-TEM Sample Preparation  

The human skin fibroblast cells were cultured and exposed to 50 μg/mL of pGO-5 and 

GO as described in the viability assay section 6.2.5. A complete description of the 

preparation procedure is described in Chapter Four, section 4.3.2.3. 

5.3.9 ROS measurements  

The human skin fibroblast cells were seeded in a 96-well plate (6×10
4
 per well) and 

cultured in MEM supplemented with 10% FBS and 1% PS at 37 °C under 5% CO2. After 

24 h, the cells were washed with serum-free MEM (1% PS) two times and incubated with 

100 μL of 20 μM of H2DCFDA in serum-free MEM (1% PS) for 1 h. The cells were 

washed with serum-free MEM (1% PS) one time and then incubated with 100 μL of 

different concentrations of pGO-5 and GS particles (3.125-25 μg/mL) in serum-free 

MEM (1% PS) for 24 h. Then, the treated cells were washed with serum-free MEM 

(without phenol red) three times. After adding 100 μL of serum-free MEM (without 

phenol red) to each well, the fluorescence intensity of the treated cells was measured by a 

fluorescence microplate reader with excitation/emission at 485/528 nm. The ROS level is 

expressed as ratio of fluorescence intensity of the sample well (Fsample, cells exposed to 

pGO-5 or GS) to control well (Fcontrol, cells without pGO-5 or GS exposure). 

5.4 Results and Discussion 
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Scheme 5.1 Sample Preparation Flowchart of Graphene Oxide and Graphene Sheets: GO, bGO, pGO-5, 

pGO-30, and GS 

 

5.4.1 Synthesis and Characterization of GO and GS 

High yields of GO (by Hummers’ method
23

) and GS with various sizes, extent of 

exfoliation and oxygen content were synthesized using a simple aqueous and hydrazine-

free hydrothermal route accompanied by different sonication treatments.
13

 The sample 

preparation flowchart is summarized in Scheme 5.1. The following samples were 

characterized by WXRD as dried powders: (1) graphite oxide colloidal suspension 

obtained directly from Hummers’ method
23

 (GO); (2) graphene oxide obtained after 5 h 

bath-sonication of GO (bGO), (3) graphene oxide obtained after 5-min probe-sonication 

of GO (pGO-5), (4) graphene oxide obtained after 30-min probe-sonication of GO (pGO-

30), (5) and graphene sheets obtained after hydrothermal processing of pGO-5 in D.I. 

water for 20 h at 130 °C and pH ∼3 (GS). Both bath- and probe-sonication were 

employed because the differing sonication intensities allowed access to a broad range of 

material sizes, since the size of GO sheets can be decreased by sonication
5
 without 

influencing the chemical reduction process. To investigate the morphology of the 

graphene-related materials, WXRD was used. The WXRD (Figure 5.1) gives the spacing 

between atomic planes in the main peak: 2θ (Bragg angle) = 10.1° in GO, which 

corresponds to an interplane distance of d0001 = 0.94 nm.
25

 In contrast to the WXRD 

spectrum of GO, the WXRD spectra of bGO, pGO-5 and pGO-30 show much weaker 

peaks at 2θ = 10.1°, due to the exfoliation of the sheets, a result of long bath-sonication 

times and powerful probe-sonication. For GS, no peak is observed at 2θ = 10.1° in the 

WXRD spectrum. The weak broad peak at 23° indicates some stacking of GS. 

AFM was used to measure the particle size of GO, bGO, pGO-5, pGO-30, and GS. 

Figure 5.2a shows GO can reach 10 μm in lateral size and tens of nanometers in thickness.  
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Figure 5.1 WXRD spectra of (from top) graphite (precursor of GO; gray) as received, graphite oxide (GO; 

red) as synthesized; graphene oxide (bGO; blue) following 5-h bath-sonication from GO; grapheneoxide 

(pGO-5; green) following 5 min probe-sonication from GO;graphene oxide (pGO-30; purple) following 30 

min probe-sonication from GO; and graphene sheets (GS; black) following hydrothermal processing of 

pGO-5 in D.I. water for 20 h at 130 °C and pH 3. 

In contrast to GO, micrographs of bGO show that the 5-h bath sonication significantly 

exfoliates GO and decreases the particle size, but multilayer structures are still observed 

in the AFM images and cross-sectional topography (Figure 5.2b). Figure 5.2c shows that 

pGO-5 sheets are smaller than either bGO or GO. The white dotted line in figure 5.2f is a 

line scan showing that most of the pGO-5 sheets are approximately 1 nm in thickness, 

indicating single-layer structures.
26

 The AFM images of pGO-30, shown in Figure 5.2d, 

reveal that 30-min probe-sonication has broken GO into even smaller pieces than pGO-5, 

as expected with the longer sonication time. GS was produced via dehydration in an 

acidic environment13 from pGO-5 (Scheme 5.1), and Figure 5.2e shows that most of the 

GS sheets are single-layer with similar size to pGO-5, demonstrating that the  
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Figure 5.2 AFM topography images of (a) GO, (b) bGO, (c) pGO-5, (d) pGO-30, (e) GS, and (f) cross-

section topography of the white line in c. The cross-sectional topography shows step features of ∼1 nm 

thickness indicating that pGO-5 is mostly single-layered. 
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Table 5.1 GO and GS characteristics, values presented mean ± standard deviation from triplicate 

measurements, Sample were measured at 50 μg/mL 

 

hydrothermal process does not significantly affect the particle size. The image in Figure 

5.2e reveals that GS is mostly single-layer after the dehydration reaction; these results are 

in agreement with previously characterized morphology. In addition, the hydrodynamic 

diameters of GO, bGO, pGO-5, pGO-30, and GS in D.I. water and PBS as determined by 

DLS are listed in Table 5.1 (hydrodynamic size distribution, Figure 5.3). Although the 

DLS characterization cannot reveal the exact size of these GO and GS particles in 

aqueous solution because of the anisotropic morphology of GO and GS, the results still 

show that the hydrodynamic size of GO decreases in either D.I. water or PBS after 

intense probe-sonication. Compared to the hydrodynamic diameter of pGO-5, the GS has 

much larger hydrodynamic diameter, indicating the formation of irreversible aggregates 

in aqueous solution. 

 

Figure 5.3 Hydrodynamic size distribution of 50 μg/mL GO, bGO, pGO-5, pGO-30, and GS measured by 

DLS at RT in D.I. water. 
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XPS was used to measure the chemical 

composition of GO and GS. Figure 5.4a shows 

that the C1s spectrum of GO is an overlap of 

three peaks at 287.3, 285.6, and 283.5 eV, 

fingerprints of C=O, C-O and C-C bonds, 

respectively.
27

 XPS measurements performed on 

GS show a significant drop in C-O character 

relative to C-C (Figure 5.4b). The atomic ratio of 

oxygen to carbon is reduced from C/O = 2/1 to 

about C/O = 7/1, which explains the 

hydrophobic nature of GS and the hydrophilicity 

of GO sheets. In addition, the oxygen amount in 

GO and GS also affects their surface charge and 

dispersity in aqueous solutions. 

As mentioned previously, the surface charge
28

 

and aggregation state
29

 of nanomaterials 

critically influence their in vitro cytotoxicity. The 

surface charge of NPs plays an especially 

important role in cell-NP interactions because 

cell membranes themselves are charged. In fact, 

prior to cytotoxicity experiments, 

characterization of the surface charge and particulate state of the GO and GS samples in 

biological media is paramount. As shown in Table 5.1, the ζ-potentials of all GO and GS 

used in this work were negative. The GO samples have similar ζ-potentials in both D.I. 

water, PBS, and cell culture medium indicating similar oxygen content. Compared to GO, 

GS has a lower ζ-potential, which is also consistent with the decreased oxygen amount in 

the XPS data and poor aqueous dispersity. 

Although ζ-potential plays a key role in colloidal stability, it does not show the true 

particulate state in various environments. To estimate the aggregation behavior of GO 

and GS samples under different aging conditions, we simply used visual evidence of 

Figure 5.4 XPS C1s spectra and fitted 

curves of (a) GO and (b) GS. GS show a 

significant drop in C-O (285.6 eV; red) 

character relative to C-C (283.5 eV; blue). 

The XPS spectra show that there is 

significant reduction of oxygen from GO 

(C/O = 2/1) to GS (C/O = 7/1). The 

purple curve is the fitted baseline. 
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settling. The concentration of GO and GS samples used for particle stability in D.I. water 

and PBS was 50 μg/mL. All the GO samples show excellent colloidal dispersity and 

stability in D.I. water (Figure 5.5a and d) even after 24 h at 37 °C. We attribute this to 

their high negative surface charge (electrostatic stabilization). However, even though the 

surface charge of GS was negative in D.I. water, GS formed observable aggregates and 

came completely out of suspension after 24-h static aging at 37 °C (Figure 5.5d), 

probably due to more π-π stacking interactions between the deoxygenated surfaces.30 To 

study the cytotoxicity of nanomaterials, in most cases, particles will be suspended in 

highly salted solutions, like PBS and culture medium. Accordingly, the colloidal stability 

of GO and GS was also evaluated in PBS because the results will more accurately model 

their actual particulate state in toxicity assays and biological environments. In PBS, the 

GO samples are still homogenously dispersed after 3-h agitation at 37 °C (Figure 5.5f). 

However, all the GO samples aggregated after 3 h static aging and completely settled out 

after 24-h static aging at 37 °C (Figure 5.5g and h) because of charge neutralization of 

surface oxygen groups by ionic salt species. In the case of GS, the particles aggregate and 

settle down to the vial bottom faster in the PBS solution than in D.I. water (see Figure 

5.5c and g). In short, GO is highly stable in D.I. water but aggregates in highly salted 

environments. Importantly, the aggregation of GO can be reversed using external 

agitation such as mixing or sonication. Compared to the irreversible aggregation of GS, 

the particulate behavior of GO in highly salted solution is called reversible aggregation in 

this study. 

5.4.2 In Vitro Hemolytic Activity of GO and GS 

First, the hemolysis assay was employed to evaluate the in vitro blood compatibility of 

GO and GS because these materials have recently been used for biomedical applications, 

including injectable graphene-related particles.
8,9

 Here, a universal method for testing in 

vitro NP hemolysis proposed by McNeil et al
31

 was employed to investigate the 

hemolytic activity of GO and GS. As shown in Figure 5.6a and b, the membrane of RBCs 

was compromised by GO and GS in a dose-dependent manner, leading to observable free 



 

 170 

 

Figure 5.5 Photographs of GO, bGO, pGO-5, pGO-30, and GS sheets dispersed at 50 μg/mL in D.I. water 

(a, b, c, and d) and in PBS (e, f, g, and h) after various time points: samples right after preparation (0 h) (a 

and e), after 3-h mixing agitation, (b and f), after 3-h static aging (c and g), and after 24-h static aging (d 

and h). All samples were held at 37 °C. 
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Figure 5.6 (a) Percent hemolysis of RBCs incubated with different concentrations (3.125 to 200 μg/mL) of 

GO (red), bGO (blue), pGO-5 (green), pGO-30 (purple), and GS (black) for 3 h at 37 °C with agitation. 

Data represent mean ± SD from at least five independent experiments. Also included is the percent 

hemolysis of RBCs incubated with pGO-30/chitosan at 100 μg/mL for 3 h at 37 °C with agitation. (b) 

Photographs of RBCs after 3-h exposure to GO, bGO, pGO-5, pGO-30, and GS at different concentrations 

(3.125 to 200 μg/mL). The presence of red hemoglobin in the supernatant indicates RBCs with membrane 

damage. (+) and (-) symbols represent positive control and negative control, respectively. 

hemoglobin in the supernatant. The concentrations of GO and GS leading to 50% lysis of 

RBCs (the TC50) are listed in Table 5.2. It is apparent that the hemolytic activity of GO 

increases after sonication, especially for intensely (probe) sonicated GO, like the pGO-5 

and pGO-30 samples. The higher hemolytic activity of sonicated GO may be due to the 

greater extent of exfoliation and smaller GO particle size. The size-dependent 

cytotoxicity in human RBCs and mammalian cells has also been demonstrated using 

other types of NPs, such as silica
32,33

 and latex.
34

 Because GS, compared to all the GO 

samples, has the lowest oxygen content, it has the lowest hemolytic activity and is also 

more likely to form aqueous 

aggregations, yielding fewer 

cell-contactable reactive 

oxygen groups on the GS 

surface. This result is a
TC50 was determined using ED50plus v1.0 free software to fit the 

data in Figure 5.6a. 

Table 5.2 Concentrations of GO and GS Leading to a 50% Lysis of 

RBCs 
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similar to work recently published by Chen and co-workers where the authors found 

individually dispersed CNTs were more toxic than aggregated carbon nanotubes.
29

 To 

further study the possible reasons why GO and GS cause hemolysis, hemolysis 

experiments were performed using graphite (the precursor material for GO and GS). 

Compared to the high hemolytic activity of GO particles, graphite induces a very low 

percent hemolysis, even at 200 μg/mL (∼3%, Figure 5.7), most likely due to much lower 

surface area and hydrophobic surface. This result indicates that the disruption of the RBC 

membrane is likely attributed to the strong electrostatic interactions between negatively 

charged oxygen groups on the GO/GS surface and positively charged 

phosphatidylcholine lipids which are present on the RBC outer membrane. 

To confirm that the presence of GO and 

GS does not interfere with the hemolysis 

measurement method, all particle samples 

were incubated directly with cell-free 

hemoglobin (absorbance ∼0.88 at 540 nm) 

for 3 h at 37 °C. The absorbance of the 

supernatant was compared to a control 

prepared by high speed centrifugation of 

pure hemoglobin (Figure 5.8). The result 

showed no significant amount of adsorbed 

hemoglobin on the GO and GS. 

Additionally, to ensure the UV-vis 

absorption by GO and GS do not cause 

overestimation of hemoglobin concentration in the supernatant, all particles suspended in 

PBS at 100 μg/mL were centrifuged, and the optical density of the supernatant was 

measured at 540 nm, using 655 nm as reference. The optical densities of all supernatants 

were very close to the background signal, revealing that light absorption by GO and GS is 

not a significant issue in the hemolysis assay.  

Morphological changes and significant lysis of RBCs after GO and GS exposure can 

be observed by optical microscopy. Compared to the normal biconcave shape of 

Figure 5.7 Percent hemolysis of RBCs incubated 

with different concentrations (3.125 to 200 μg/mL) 

of graphite for 3 h at 37 °C with agitation. Data 

represent mean ± SD, n=3. Inset: photographs of 

RBCs after 3-h exposure to graphite with negative 

and positive controls. (+) and (-) symbols represent 

positive control and negative control, respectively. 
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untreated RBCs in PBS (Figure 5.9a), 

pGO-5- and pGO-30-treated RBCs (at 25 

µg/mL) appeared in much lower numbers 

and demonstrate both aberrant 

morphology and recently lysed RBCs 

(arrows and circles in the insets of Figure 

5.9 b and c, respectively). Although the 

GS-treated RBCs did not result in 

significant lysis of RBCs, 

hemagglutination was observed (arrows in 

Figure 5.9d) surrounding the GS 

aggregates. These data are the first of their 

kind, systematically studying the 

hemolytic activity of GO and GS toward human RBCs, and it is clear that both particle 

size and surface charge/oxygen content influence apparent blood compatibility. 

To further confirm that the hemolytic activity of these graphene-related particles is 

attributed to an interaction between RBCs and the GO/GS particle surface, we coated the 

GO particle with greatest hemolytic activity, pGO-30, with a biocompatible polymer, 

chitosan, using electrostatic adsorption.
24

 The ζ-potential of pGO-30/chitosan in acidic 

water (pH ∼4.8) was 24.8 ± 1.8mV, compared to the zeta potential of pGO-5 in acidic 

water (-38.3 ± 2.3 mV), indicating that chitosan was successfully coated on pGO-30 

surface. However, upon dispersion in PBS (pH∼7.4), pGO-30/chitosan aggregates form 

rapidly due to a pH-dependent chitosan conformational change.
24

 Compared to the high 

hemolytic activity of pGO-30, no apparent hemolysis was observed from pGO-

30/chitosan (see Figure 5.6a), revealing that chitosan either serves as a protective layer, 

masking the electrostatic interactions between RBCs and oxygen groups on the pGO-30 

surface, or aggregates the particles to decrease the cell-contactable surface area. 

Figure 5.8 None of the five GO and GS samples 

adsorb significant amounts of hemoglobin. 

Hemoglobin was mixed with GO, bGO, pGO-5, 

pGO-30, and GS (100 μg/mL in PBS) and incubated 

for 3 hours at 37 °C. Each data point is the average 

of three measurements of optical density of the 

supernatant. 
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Figure 5.9 Optical microscographs of RBCs in the presence of (a) PBS (control), (b) pGO-5, (c) pGO-30, 

and (d) GS at 25 μg/mL for 3 h at 37 °C with agitation. Inset images are magnified RBCs. Scale bars in the 

inset images represent 10 μm. The arrows in b and c show lysed RBCs. The arrows in d indicate the 

hemagglutination caused by GS aggregates. 

5.4.3 In Vitro Fibroblast Cytotoxicity of GO and GS 

To further explore the cytotoxicity of GO and GS, two methods, the MTT and WST-8 

assay, were employed to investigate how these carbon-based nanomaterials interact with 

adherent cells. In this case, we compare only the cytotoxicity of pGO-5 and GS on 

mitochondrial activity of human skin fibroblast cells, to focus on the role of oxygen 

content. The MTT results for both pGO-5 and GS showed no dose-dependent effects on 

the mitochondrial activity of human skin fibroblast cells (Figure 5.10), indicating that the 
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Figure 5.10 Cell viability of human skin fibroblast cells determined from MTT and WST-8 assay after 24-

h exposure to different concentrations of pGO-5 and GS. Data represent mean ± SD. 

adherent fibroblast cells were unaffected by either nanomaterial at any of the employed 

concentrations. A second mitochondrial activity-based assay, WST-8, was employed to 

verify the MTT result. The WST-8 assay operates on the same principle but uses a 

negatively charged, water-soluble tetrazolium dye. Compared to the MTT results, WST-8 

data showed that both pGO-5 and GS have a dose-dependent effect on the viability of 

human skin fibroblast cells. There has been previous work done by Monteiro-Riviere et 

al.
21

 and Wörle-Knirsch et al.
22

 demonstrating interference by carbon-based materials 

with the viability marker, MTT reagent, yielding inflated viability results. To rationalize 

the contradictory results of these two mitochondrial assays with GO and GS particles, 

control experiments were performed to see if the GO and GS react directly with the MTT 

or WST-8 reagents, regardless of the state of any cells in the dish. We found that both 
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GO and GS react with MTT to form purple formazan (Figure 5.11), a result that would 

indicate viable cells even though there were no cells in this control sample. Marques et 

al.
35

 reported a detailed reaction mechanism whereby the [MTT]
+
 cation can be reduced 

by electrons and protons, which are present in GS or GO particles (Figure 5.11). 

Accordingly, we conclude that the MTT assay is not appropriate for cytotoxicity tests of 

GO or GS particles. GO and GS particles cause a false positive measure of viability, 

generating an overestimation of the viability of human skin fibroblasts, especially at high 

GS and GO doses. 

 

Figure 5.11 Photographs of MTT formazan (in the DMSO supernatant) produced by pGO-5 and GS 

particles. [MTT]
+
 will react with the conjugated electrons from GS to form the radical intermediate [MTT]. 

Then [MTT] will react with the protons to form a protonated cation [MTTH]
+
 under at least pH < 13 

environment. [MTTH]
+
 will then react with another electrons from GS to form [FORMH], followed by a 

further protonated reaction with another proton mainly from GS to form [FORMH2]
+
.  
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Compared to the MTT control experiment, the WST-8 was not reactive either with GO 

or GS particles. No detectable reduction of WST-8 (WST-8 formazan formation) 

occurred after 1-h incubation with cell-free GO or GS particles within a wide 

concentration range (3.125-200 μg/mL). In addition to the failure of MTT in determining 

the cytotoxicity of GO and GS, we further found the GO and GS particles adsorbed LDH 

and yielded underestimation of the LDH 

results (data not shown). To validate the 

results of the WST-8 assay, we performed 

another common viability assay based on 

trypan blue exclusion. The trypan blue dye 

exclusion assay shows similar results to 

those from the WST-8 assay (Figure 5.12), 

which confirms the validity of the WST-8 

assay. In addition, it is clear to see from 

optical microscopy images (Figure 5.13) 

that GS strongly associated with the 

fibroblast cells and the cell density decreases after 24-h GS exposure at 50 μg/mL, 

compared to control and pGO-5 treated cells. These data further confirm the WST-8 

results. In addition, the TEM images of human skin fibroblasts after pGO-5 and GS 

exposure show that both pGO-5 and GS aggregates strongly associated with cell 

membrane (Figure 5.14), even after intense medium wash. Both pGO-5 and GO were not 

internalized into human skin fibroblasts (Figure 5.14), which is consistent to a recent 

paper showing that no GO particles were found inside A549 (human lung 

adenocarcinoma epithelial cell line) cells.
19

 

Accordingly, adherent cell toxicity conclusions will be based on the WST-8 assay 

results only, indicating that GS is more toxic to adherent cells than pGO-5. This is likely 

due to the faster sedimentation and formation of more compact aggregates of GS, as 

compared pGO-5, during 24-h static aging (Figure 5.5g and h), which greatly inhibits 

nutrient availability to and growth of human skin fibroblasts. Unlike the hemolysis assay, 

the human skin fibroblast cells are grown on the bottom of the assay wells, making 

Figure 5.12 Cell viability of human skin fibroblast 

cells determined from trypan blue exclusion assay 

after exposure to different concentrations of pGO-5 

and GS. Data represent mean ± SD, n=3. 
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Figure 5.13 Optical microscopy images of human skin fibroblasts after 24-h incubation at 37 °C (5% CO2) 

in the presence of (a) medium (control), (b) 50 μg/mL of pGO-5, and (c) 50 μg/mL of GS particles. 

 

Figure 5.14 TEM images of human skin fibroblasts after 24-h exposure to 50 μg/mL of (a) pGO-5 and (b) 

GS particles. The arrows indicate representative pGO-5 or GS aggregates. 

factors such as the sedimentation rate, thickness and compactness of GO or GS 

aggregates on the top of adherent cells more likely to affect the viability of fibroblasts. 

Additionally, the generation of ROS is a common toxicity mechanism of carbon-based 

and other nanoscale materials.
36

 To investigate this possibility, we performed a ROS 

assay to measure the oxidative stress generated by pGO-5 or GS particles in or near the 

human skin fibroblast cells. The results show that the generation of ROS in cells is 

concentration-dependent after pGO-5 or GS exposure (Figure 5.15). After 24-h exposure, 

the aggregated GS at 25 μg/mL induced approximately a 9-fold increase in ROS in 

fibroblast cells compared to untreated cells (control). The aggregated GS induced an even 

higher level of ROS (indicating more oxidative stress) in human skin fibroblast cells  
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compared to reversibly aggregated 

pGO-5, revealing a likely mechanism 

for larger GS toxicity effects compared 

to pGO-5. This work clearly 

demonstrates that the particulate state 

(extent of aggregation, irreversible or 

reversible aggregation) of GO and GS 

and the cell types (membrane 

composition and suspended/adherent 

nature of cells) used for cytotoxicity 

evaluation have a great impact on the 

biological/toxicological responses. 

5.5 Conclusions 

In this first study of the blood compatibility of graphene-based materials, the blood 

compatibility and cytotoxicity of GO and GS of various sizes and oxygen content have 

been investigated in suspended human RBCs and adherent skin fibroblasts using in vitro 

hemolysis and WST-8 viability assays. All the GO and GS show dose-dependent 

hemolytic activity on RBCs. In the case of GO samples, extent of exfoliation and particle 

size play a critical role in extent of hemolysis. Sonicated (smaller) GO exhibited higher 

hemolytic activity than untreated (larger) GO. Compared to individually dispersed GO 

sheets having higher surface oxygen content, the irreversibly aggregated GS showed 

lower hemolytic activity. Covering the GO sheets with chitosan eliminated their 

hemolytic activity. 

The spontaneous formation of MTT formazan by cell-free GO and GS indicates the 

failure of MTT assay in predicting the cytotoxicity of graphene-related materials. The 

MTT data indicate a false high biocompatibility of GO and GS with adherent fibroblasts. 

However, the valid WST-8, trypan blue exclusion, and ROS data demonstrate that 

aggregated GS particles are more cytotoxic than reversibly aggregated GO on human skin 

fibroblast cells. Moreover, compared to reversibly aggregated GO, the aggregated GS 

Figure 5.15 Effect of pGO-5 and GS on the 

generation of ROS level in human skin fibroblast 

cells. 
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generated more reactive oxygen species in human skin fibroblast cells and strongly 

associated to the cell surface. Based on the hemolysis and WST-8 viability assay results, 

this is the first work to show that the particulate state of graphene-based particles has a 

profound impact on their toxicity to suspended erythrocytes and adherent human skin 

fibroblasts. 

5.6 Chapter Summary 

This chapter describes collaborative work with Professor Macosko’s research group. In 

this work, we demonstrated that the physico-chemical properties including the particle 

size, exfoliation extent, oxygen content, and aggregation state of GO and GS greatly 

influence their cytotoxicity. Mostly important, we learned a lesson that more than two 

toxicity assays should be used to validate the results based on the fact that some new 

nanoscale materials induce false positives.  
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Chapter Six 

Conclusions and Future Work  
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After around ten years of progress in the development of MS NPs for biological 

applications, extensive studies have been performed regarding synthesis, in vitro/in vivo 

targeting, drug delivery, and biocompatibility. My thesis work focuses on addressing 

critical issues in the biomedical use of MS NPs, contributing significantly to the overall 

understanding of the potential of these materials. In Chapter One, I summarized my 

perspective on the essential considerations including size characterization (primary and 

hydrodynamic size), particle stability and degradability, and in vitro toxicity, for the 

design of ideal MS NPs for in vivo biomedical use.
1
 These characteristics are critical and 

are best addressed during the experimental design of new MS NPs for in vivo use.  

In Chapter Two, I developed a hydrothermally-assisted dual-organosilane modification 

method to synthesize small, highly stable, and redispersible MS NPs.
2,3

 This synthesis 

resulted in the incorporation of both a hydrophobic and hydrophilic silane onto the MS 

NP interior and exterior surfaces. A possible future direction for this work is to 

selectively modify the inner surface with hydrophobic silanes and outer surface with 

hydrophilic silanes. I hypothesize that a high molecular weight could prevent a PEG 

molecule from migrating into the pores during hydrothermal treatment, allowing a more 

homogenous hydrophobic interior environment and enhanced hydrophobic drug retention. 

Another possible avenue is to study how primary NP size and hydrodynamic size 

influences the in vivo biodistribution of these highly stable MS NPs. 

In Chapter Three, the cytoxicity of bare and organomodified MS NPs is examined with 

three different types of cells (human RBCs, mouse mast cells, and human endothelial 

cells).
4-6

 The results show that MS NPs are more biocompatible than their similarly sized 

nonporous counterparts. Most importantly, I further found that the pore integrity of bare 

MS NPs influences their cytotoxicity. This effect had never before been investigated in 

silica nanotoxicity studies. Possible future work in this area is to control the aggregation 

state of MS NPs to study the aggregation effects on the cell/NP interaction and their 

toxicity.  

Chapter Four described a method to synthesize size-controlled multifunctional MS 

NPs
7
 and characterized their transverse relaxivity.

8
 In this work, we found that 

hydrothermal treatment not only improved the particle stability and relaxivity of 
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magnetic MS NPs, but it also increased acid resistance of iron oxide NPs within magnetic 

MS NPs. Possible future directions in this project are to incorporate different functional 

NPs like graphene (as light absorption agents for photothermal therapy and heat-driven 

drug release) and gold NPs (for surface enhanced Raman spectroscopy, SERS) into MS 

NPs using the well-developed one-pot synthesis route. Overall, my thesis work has 

developed a new approach to synthesize small, highly stable, redispersible, and highly 

biocompatible MS NPs with multifunctionality. I expect my work to push the use of MS 

NPs closer to clinical studies and commercial applications. 
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