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ABSTRACT 

Molecular Imaging of Mucin-Expressing Colon Tumors Using Targeted Hyperpolarized 

Silicon Nanoparticles 

By 

Julie Xinli Liu 

Colon cancer remains a leading cause of death due to limitations in clinical 

detection and prevention. Accordingly, an improved method with higher degree of 

detection sensitivity is due, where tumor surface markers can be targeted, and non-

invasively imaged. MUC1 is a transmembrane mucin that is normally expressed only the 

apical aspect of colonic epithelia. MUC1 is a heavily glycosylated, large molecular 

weight protein that extends 200 to 500 nm above the cell surface. Accompanying cellular 

transformation and tumor development, MUC1 often becomes aberrantly expressed, 

including loss of polarized expression and altered glycosylation. 

With MUC1 as target, MUC1 antibody-functionalized silicon nanoparticles (SiNP 

may be used as uniquely hyperpolarizable imaging agents for the ultimate purpose of in 

vivo clinical applications for early colon tumor detection. 

This study aims to develop MUC1-targeting SiNPs that can undergo the 

hyperpolarization process to be utilized as sensitive image contrast agents to detect 

MUC1-expressing tumors. With cancer-associated transmembrane mucins found in most 

GI tract cancers, this silicon nanoparticle-based tumor diagnostic approach offers the 

potential to be expanded to detect tumors of other GI tissues and organs and establishes 

the basis for using other surface markers as detection targets.
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Chapter 1 
 
 
Introduction 
 

 
1.1. Colorectal Cancer 

 
Colorectal cancer (CRC) is typically a sporadically occurring (88-94% of reported cases), 

slow-growing cancer that begins as benign tumor or polyp and gradually develops into 

malignant carcinomas over the course of 10 to 15 years (Dekker and van Gulik, 2005; 

Fung et al., 2014). Nonetheless, it remains a leading cause of cancer deaths in the world 

(Fung et al., 2014). Around 20-25% of CRC patients have progressed to advanced 

metastatic disease at the time of diagnosis with a significant portion of these patients 

receiving poor prognosis (Schmoll et al., 2012). This is largely attributed to current 

clinical limitations in early detection and diagnosis.  

 
The most common polyps are adenomas, which develop from the mucus-producing 

glandular cells that line and lubricate the colonic epithelium (Stryker et al., 1987). While 

malignancy is not the fate of all adenomas, the probability of an adenoma developing to 

adenocarcinoma increases as the polyp increases in size (Pickhardt et al., 2013). Around 

96% of all CRCs are adenocarcinomas, and thus remains the focus of public health and 

biomedical research for both prevention and therapy (Stewart et al., 2006).  
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1.1.1. Colon cancer risk factors 

 
Age is one of the biggest risk factors for CRC incidence. According to the Centers for 

Disease Control and Prevention (CDC), around 90% of new CRC cases occur in patients 

over the age of 50 (Centers for Disease Control and Prevention [CDC], 2016). While not 

completely understood, CRC incidence and mortality rates tend to be higher in men than 

in women by 30 to 40% (Murphy et al., 2011). The most significant CRC incidence rate 

disparity in the United States is between different ethnic groups, where African 

Americans have the highest CRC incidence, followed by Caucasians, and Asian 

Americans (Gellad and Provenzale, 2010). This is likely due to cultural and 

socioeconomic factors (Gellad and Provenzale, 2010). 

 
As the colon and rectum are part of the gastrointestional (GI) track, the rate of CRC 

incidence is heavily influenced by diet and lifestyle. In general, high consumption of red 

and processed meats increase risk for CRC incidence (Cross et al., 2010; Norat et al., 

2005). Overweight and obesity—especially abdominal obesity—are also closely 

associated with heightened CRC risk (Aleksandrova et al., 2013). Moderate to heavy 

consumption of alcohol, as well as tobacco smoking also increases risk of CRC (Cho et 

al., 2004; Ferrari et al., 2007; Secretan et al., 2009). Conversely, moderate intake of 

dietary fiber, fruits and vegetables, dairy products, vitamin D, and dietary folate appear to 

have protective effects against CRC (Aune et al., 2011a, 2011b; Lee and Chan, 2011; 

Sanjoaquin et al., 2005; Touvier et al., 2011).  
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While most CRC cases develop sporadically, around 5% of CRC patients are associated 

with well-defined genetic alterations. The two most common genetic conditions that 

contribute to CRC risk are Lynch syndrome and familial adenomatous polyposis (FAP). 

The former is a result of mutations in genes MSH1 and MSH2, responsible for DNA 

mismatch repair, and the latter is caused by mutations in the adenomatous polyposis coli 

(APC) gene (Jasperson et al., 2010). Mutations in the APC gene result in development of 

numerous adenomatous colorectal polyps, that without intervention almost always 

become cancerous (Galiatsatos and Foulkes, 2006; Jasperson et al., 2010; Lynch and de 

la Chapelle, 2003).  

 
1.1.2. Clinical limitations in CRC detection  

 
The slow-growing nature of CRC provides a unique opportunity for timely detection of 

benign tumors prior to malignancy. The American Cancer Society places particular 

emphasis on cancer prevention by early CRC detection (Levin et al., 2008). While there 

are many screening methods, including the fecal occult blood test, (FOBT) colonoscopy, 

computed tomographic colonography, and flexible sigmoidoscopy, each encompass a 

number of challenging limitations including discomfort, invasiveness and high cost, 

discouraging patients from regular screening (Davies et al., 2005; Levin et al., 2008; 

Winawer et al., 2003).  

 
The current United States clinical gold standard in colonic tumor detection is 

colonoscopy. However, despite lack of data from randomized trials to support the use of 

colonoscopy-based screening to reduce CRC-related mortality, colonoscopy is 

recommended to patients over the age of 50 in the United States (Rex, 2010). Colonic 
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abnormalities are detected by the illumination of limited light source through the rough 

terrain of the colon by macroscopic visual examinations of the endoscopist. Due to both 

patient and endoscopist-related factors, as well as different morphology of tumors in the 

right and left colon, most tumors on the right side of the colon go undetected, thereby 

leading to serious potential CRC-related consequences for the patient (Rex, 2010).  In a 

patient-based analysis across eleven institutions, adenoma miss rate was calculated to be 

as high as 20%, with the miss rate of advanced adenoma as 11% (Heresbach et al., 2008). 

With current technology, polyps can only be identified when growths develop to a 

macroscopic level, which by then presents a significant risk of malignancy development 

and metastasis. While colonoscopy remains the most sensitive clinical procedure for 

detection of colonic abnormalities, it also presents challenges as it poses complication 

risks that include intestinal perforation and bleeding (Levin et al., 2008; Rockey et al., 

2005).  Due to limitations in curative measures in the clinic, there is an urgent need to 

investigate and develop less invasive, and more sensitive screening methods to detect 

premalignant lesions. 

 
1.1.3. CRC diagnosis and treatment 

 
CRC cases are diagnosed by histopathological examination of biopsied tumor removed 

from colonoscopy for staging by the TNM classification method (Wolpin and Mayer, 

2008), and the only curative approach is surgical resection. However, the latter poses a 

significant risk for metastasis of residual cancer population, with potential for future CRC 

relapse (Fortina et al., 2007).  
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Early detection is critical to CRC prevention and survival. When CRC is detected early 

during TNM Stage I, patients have a survival rate of up to 95% after tumor resection 

(Fung et al., 2014). In stark contrast, late stage (TNM Stage IV) diagnosis grants only 5-

year average survival rate of 5-10% (Fung et al., 2014). As most colonic tumors develop 

from sporadic adenomas with some progressing to malignancy over the course of 10-15 

years, there is a wide window of opportunity wherein CRC-related patient mortality can 

be avoided. Although the risk of CRC incidence increases with age, in 2010, only 59% of 

the US population over the age of 50 received recommended screening for CRC 

(National Center for Health Statistics, 2011).  

 

1.2. Cancer-associated glycoprotein as tumor biomarkers 

 
Mammalian cell surfaces are decorated with a complex variety of glycan structures that 

play essential roles in cell growth, differentiation, adhesion, immune responses, and cell-

cell interaction (Stowell et al., 2015). Corresponding to the ubiquitous presentation of 

complex intra- and intercellular glycoconjugate structures such as glycoproteins and 

glycolipids (Varki and Sharon, 2009), tissue-specific alterations in glycosylation are often 

closely associated with disease development and progression (Croce et al., 2007; Ju et al., 

2011). Aberrant glycosylation, either by complete loss of glycoform expression, elevated 

expression, premature truncation or appearance of novel oligosaccharide structures 

(Varki et al., 2009), are common features in tumor development in a number of cancer 

types, most notably in cancers of epithelial origin (as reviewed in Holst et al., 2015). 

These aberrant cancer-associated glycoproteins thus uniquely present themselves as 

biomarkers for specific CRC detection.  
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1.2.1. MUC1 structure 

 
The type I transmembrane mucin, MUC1, is a heavily glycosylated protein that is 

normally expressed on the apical surface of epithelial cells in tissues including those of 

the lung, breast, ovary, uterus, prostate, pancreas, and colon. The N-terminal extracellular 

domain of MUC1 contains 25 to 100 highly conserved tandem motifs of 20 amino acids 

that are rich in proline, threonine, and serine residues that are further modified with O-

linked (mucin type) oligosaccharides (Gendler, 2001; Siddiqui et al., 1988) (Figure 1).  

Aberrant MUC1 expression has been closely associated with cancer development 

(Balagué et al., 1995; Brayman et al., 2004; Brockhausen et al., 1995; Burke et al., 2006; 

Ho et al., 1993; Ju et al., 2011). 
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Figure 1. MUC1 structure. Initially synthesized as a single polypeptide, MUC1 is post-
translationally cleaved into two domains that remain tightly associated. The MUC1 N-
terminal ectodomain (>250kDa; MUC1-N) forms a heterodimer with the 25kDa C-
terminal domain (MUC1-C). ED, 58 amino acid extracellular domain; TMD, 28 amino 
acid transmembrane domain, CD, 72 amino acid cytoplasmic domain. Adapted from 
(Nath and Mukherjee, 2014). 
 
 
 
 
 
 



! ! !8!
!!
In cancers, there is a notable shift toward aberrant O-glycan modification. These changes 

are attributed to various influences from altered glycosyltransferase activity, epigenetic 

modification, or influences of the microenvironment (Holst et al., 2015; Kufe, 2009; 

Yamada et al., 2008). The N-terminal domain is anchored to the plasma membrane by 

forming a heterodimer with the  membrane-spanning C-terminal domain through a non-

covalent association (Kufe, 2009; Yin et al., 2003). 

 
1.2.2. MUC1 clinical significance 

 
Under normal conditions, mucins such as MUC1 are involved in lubrication and 

hydration of the GI tract epithelium, and serve as a protective barrier against microbial 

attack and enzymatic degradation (Brayman et al., 2004). However, accompanying 

cellular transformation, tumor cells lose polarity, and MUC1 presentation is not restricted 

to the apical cell surface. Overexpression and aberrant glycosylation of MUC1 is 

associated with poorer patient prognosis, and is found to be a key player in tumor growth, 

metastasis, and even drug resistance (add ref).  

 
Aberrant glycosylation is a universal feature of cancer; however, glycosylation patterns 

differ among various cancers in a tissue-specific manner. In addition to elevated MUC1 

expression, in CRC, N-glycans, O-glycans, and glycosphingolipids in both tissue and sera 

differ from that of normal colonic epithelia and include increases in sialylation, 

fucosylation, presentation of Lewis-type antigens and type-2 chain antigens (Cascio and 

Finn, 2015a; Holst et al., 2015). Most notably, CRC-associated O-glycosylation changes 

that occur include increased core 1 glycan expression of (sialyl)Tn-antigen (Galβ1-

3GalNAc) and (sialyl)Tn-antigen (NeuAcα2-6GalNAc and GalNAcαThr/Ser) (Stowell et 



! ! !9!
!!
al., 2015) (Figure 2). These truncated glycan structures are mainly carried by MUC1 

(Byrd and Bresalier, 2004; Hanski et al., 1993; Itzkowitz et al., 1989; Ju et al., 2011).   

 

!
 
 
Figure 2. CRC-associated Core 1 O-glycans. (sialyl)Tn-antigen (GalNAcαThr/Ser) on 
the left, and (sialyl)T-antigen (Galβ1-3GalNAc) on the right overexpressed in CRC due 
to truncations in O-glycan branching. Adapted from (Holst et al., 2015) 
 
 
While the underlying causes of cancer-associated glycosylation have not been fully 

elucidated, it is well observed in cancers that in place of complex, highly branched 

glycans covalently O-linked to the peptide backbone of mucins, there are abnormal 

truncations due to aberrant folding, localization, or expression of glycosyltranserases in 

the Golgi apparatus and endoplasmic reticulum (Aryal et al., 2010; Varki et al., 2009).  

 
Hypersialylation is a classic feature of aberrant mucin glycosylation (Varki, 2008). Sialic 

acids are common nine-carbon monosaccharides that are expressed as outer terminal 

units on all vertebrate cell surfaces, and play fundamental roles in cell–cell and cell–

microenvironment interactions (Varki, 2008; Varki and Schauer, 2009).  Sialic acid is a 

terminal unit of glycosylation, and its negative charge contributes to repulsion of 

intercellular interactions and promotion of tumor metastatic potential (Varki et al., 2009). 

Moreover, a growing number of studies suggest hypersialyated MUC1 promotes the 

α2,6 

α2,3 Gal 

GalNAc 

NeuAc 
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metastatic potential of cancer cells through engagement with Siglecs (sialic-acid-binding 

immunoglobulin-like lectins) which suppress functions of cells of immune system and 

modulate the tumor microenvironment (Beatson et al., 2016).  

 
 

 
 
 

Figure 3. Two common sialic acids in human. Neu5Ac (left) and Neu5Gc (right) are 
commonly overexpressed glycans on mucins in cancers and associated with increased 
tumor metastatic potential. Illustration adapted from (Varki et al., 2009). 
 
 
The predominant sialic acids in humans are N-acetylneuaminic acid (Neu5Ac) and N-

glycolylneuraminic acid (Neu5Gc) (Varki et al., 2009) (Figure 3). Interestingly, Neu5Gc 

cannot be synthesized by the human body due to the lack of  a specific enzyme that 

converts Neu5Ac to Neu5Gc, but is nonetheless found at high levels on tumor cell 

surfaces (Samraj et al., 2014). High levels of Neu5Gc are found in diets of high in red 

meat intake and instead of being further metabolized is incorporated into tumor cell 

surface glycoconjugates through commensal bacteria in the gut (Samraj et al., 2014). This 

further illustrates the impact of diet and lifestyle on cancer risk and associated responses.  

 

Aberrant MUC1 has been found in both early and advanced stages of tumor progression 

(Holst et al., 2015). Additionally, there are already many commercially available 
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monoclonal antibodies that detect various parts of MUC1, including the VNTR region of 

the ectodomain, which are highly specific to the glycoforms expressed by cancers (Gion 

et al., 2001; Ho et al., 1993; Norum et al., 1998; Schoonooghe et al., 2010). The 

availability of cancer-associated MUC1 antibodies presents a unique opportunity to use 

MUC1 as a promising candidate target for early CRC detection. 

 
Immunohistochemical staining for MUC1 in patient colon tissue samples reveals that 

aberrant MUC1 expression is found even at the earliest benign stages of colonic tumor, 

and becomes more pronounced with advanced stages of tumor progression (Cascio and 

Finn, 2015a; Holst et al., 2015) (Figure 4).  

!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 4. Immunohistochemical staining for MUC1 on patient colonic tissue 
samples. Surgically removed colon sections from patients were immunostained by 
VU4H5 antibody directed against tumor-associated MUC1 ectodomain. Staining reveal 
increased MUC1 expression with CRC progression. Illustration adapted from (Cascio and 
Finn, 2015). 

!
!
!
!
!
!
!
!
!
!
!
!
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1.2.3. MUC1 as a target for nanoparticle-based detection  

 
MUC1 offers an ideal molecular target for tumor detection. Accompanying cellular 

transformation and loss of polarity, MUC1 is distributed across the entire plasma 

membrane surface of carcinoma cells, making it amenable to external detection (Hanisch 

and Müller, 2000; Kufe, 2009). In addition, MUC1’s large size (extending 200 – 500 nm 

from the cell surface, compared to ~ 50 nm for other cell surface targets) and the tandem 

repeat region of the ectodomain allows for multiple potential binding sites by glycoform-

specific antibodies recognizing the tandem repeat region (Danysh et al., 2012) (Figure 

5).  
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Figure 5. Relative size comparison of MUC1 versus EGFR. Gold spheres represent 60 
nm nanoparticles targeting MUC1 ectodomain glycan epitopes and are drawn to scale. 
Additionally, there is a size comparison between the 400 nm MUC1 ectodomain 
extending from a cell surface, and EGFR extending around 50 nm from the cell surface.  
 
Illustration from (Danysh et al., 2012). 
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1.3. Silicon nanoparticles as tumor-targeting agents 

 
Nanoparticles are ideal candidates for non-invasive imaging agents to sensitively detect 

early-stage, small-sized tumors.  Gaining great interest in the last decade, nanoparticle-

based research typically involves modification of the nanomaterial (<1000 nm) to be 

useful for biomedical purposes, such as highly sensitive tumor cell targeting and drug 

delivery, that otherwise would be a challenging feat through conventional clinical 

methods (Brigger et al., 2012; Danysh et al., 2012; Jabir et al., 2012).  

 
With regards to developing a sensitive and less invasive method of early colon tumor 

detection, nanoparticles also prove to be promising candidates. The unique attributes of 

this project employ the use of silicon nanoparticles (SiNPs), which by nature are 

biocompatible with the human body, provide low background signal relative to tissues, 

and present favorable surface chemistry for antibody functionalization (Salvati et al., 

2013; Whiting et al., 2015a). Our collaborator, Dr. Pratip Bhattacharya (MD Anderson 

Cancer Center), has successfully developed a silicon (29Si) nuclei hyperpolarization 

technique  for silicon particles of micro- and nano-size ranges, as direct in vivo MRI-

based image contrast agents with high specificity, and sufficiently long depolarization 

time promising for clinical application (Whiting et al., 2015b, 2015c). Combining this 

novel, advanced imaging technique with the exceptional characteristics of cancer-
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associated MUC1 as a molecular target, SiNPs functionalized with MUC1 antibodies that 

recognize the glycoforms of the MUC1 ectodomain commonly present in CRC offer a 

promising new tumor-detecting technology to reduce related mortality by earlier 

detection. 
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Chapter 2 
 
Materials and Methods 
 
In order to effectively test for and optimize SiNP functionalization,  suitable MUC1-

expressing cell line and a corresponding antibody directed against MUC1 ectodomain 

were tested for MUC1 ectodomain expression, localization, and MUC1-targeting ability 

before and after hyperpolarization, respectively. This section details the cell culturing 

method of cell lines used in this project, followed by protocols for western blotting and 

immunostaining of human colon cancer cell line HT29-MTX-E12 with candidate MUC1 

ectodomain antibody, 214D4. In addition, protocol for DNA aptamer binding assay on 

the same cell lines was also performed to evaluate which MUC1 targeting biomaterial, 

antibody or DNA aptamter, is best for ensuing SiNP functionalization.   

 
 
2.1. Cell culture 
 
The human colon cancer cell line HT29-MTX-E12 cells (Sigma Aldrich), a methotrexate-

resistant strain of parental HT29 cells, was grown in Low Glucose Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco/ Life Technologies, Carlsbad, CA) and supplemented 

with 10% (v/v) fetal bovine serum (FBS),  1% (v/v) penicillin (10 U/mL)-streptomycin 

(100 µg/mL), and 1% non-essential amino acid (NEAA) (Gibco/ Life Technologies, 

Carlsbad, CA) mix. The normal human bone stromal cell line HS-5  (ATCC) was grown 

in DMEM (Gibco/ Life Technologies, Carlsbad, CA) and supplemented with 10% (v/v) 

FBS, and 1% (v/v) penicillin (10 U/mL)-streptomycin (100 µg/mL). The human 
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pancreatic cancer cell line, HPAFII (ATCC) was grown in Roswell Park Memorial 

Institute medium (RPMI) (Gibco/ Life Technologies, Carlsbad, CA) and supplemented 

with 10% (v/v) FBS, and 1% (v/v) penicillin (10 U/mL)-streptomycin (100 µg/mL). The 

human embryonic kidney cell line, HEK 293 (ATCC) was grown in Minimum Essential 

Medium (MEM) (Gibco/ Life Technologies, Carlsbad, CA) supplemented with 10% (v/v) 

FBS.  MUC1 knockout cell line HEC50 was grown in DMEM F12 supplemented with 10% 

(v/v) FBS, and 1% (v/v) penicillin (10 U/mL)-streptomycin (100 µg/mL). The human 

breast cancer cell line MCF-7,  (ATCC) was grown in MEM and supplemented with 10% 

(v/v) FBS.  All cells were grown at 37°C in a humidified chamber of atmosphere of air: 

CO2, 95:5 (v/v). Cell culture medium was changed every 48 hours, and cells were 

passaged at 80-90% confluency using 0.25% (w/v) trypsin-EDTA solution.  

 
2.2. Generating GFP- and Luciferase- expressing HT29-MTX-E12 cell line 

 
 

MUC1-expressing human colon cancer cell line HT29-MTX-E12, was transfected by 

lentiviral particles to stably express green fluorescent protein (GFP) and luciferase for the 

purpose of in vivo mouse model implantation experiments (performed at MD Anderson 

Cancer Center).  

 
HEK293 cells were co-transfected with 1 µg of GFP-luciferase expression vector 

(System Biosciences; CA#120110-001) with 250 ng pMD2.G, 750 ng psPAX1 and 6 µL 

Lipofectamine 2000 (Invitrogen) for 15 hours. The media is removed and replaced with 

fresh DMEM with 10% (v/v) FBS (v/v) and 1%  (v/v) penicillin-/streptomycin (Corning 

Inc., Corning, NY) after 15 hours. The conditioned HEC50 cell media was filtered 

through 0.45 µm pore size membrane filter to isolate lentiviral particles containing the 
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GFP-luciferase plasmid. Target HT29-MTX-E12 cells were treated with 1 mL of the 

filtered conditioned media. Single GFP-expressing cells were selected and isolated by 

fluorescence-activated cell sorting (FACS) (UT Health Sciences Flow Cytometry Core) 

and plated in 96-well plates. Colonies were grown and monitored for GFP expression 

using fluorescence microscopy (Figure 6). One colony was selected and grown and 

analyzed by western blot (Figure 7).   

 

 
 
Figure 6.  FACS-sorted GFP-luciferase expressing HT29-MTX-E12 clonal 
population. Left shows bright field image of a clonal population. Right panel shows 
same cell population excited by 488 nm laser.  

 
 

2.3. Western blot analysis 
 

Parental HT29-MTX-E12 and lentiviral transfected GFP- and luciferase-expressing 

HT29-MTX-E12 cells were separately grown in 6-well tissue culture plates and 

maintained as described above. At ~90% confluency, protein was extracted from cells 

with 200 µL sample extraction buffer (SEB) (0.05 M Tris pH 7, 1% (w/v) sodium 

dodecyl sulfate (SDS), 1% β-mercaptoethanol (BME), 8 M urea, 1:100 dilution 

phosphatase inhibitor cocktail, and 1:100 dilution phosphatase inhibitor cocktail). 

Laemmli sample buffer (120 mM Tris-HCl pH 6.8 [Sigma-Aldrich], 20 % (v/v) glycerol 
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[Sigma-Aldrich], 4% (w/v) sodium dodecyl sulfate [SDS; Sigma Aldrich], and 0.02% 

(v/v) bromophenol blue [Sigma-Aldrich]) was mixed with cell lysate at 1:1 ratio, and 

incubated at 98 °C for 5 minutes.  Protein samples separated by SDS-PAGE with 5% 

(w/v) polyacrylamide gel and 10% (w/v) polyacrylamide resolving gel at 100 volts for 

approximately 120 minutes (Laemmli, 1970; Porzio and Pearson, 1977). Protein samples 

by SDS-PAGE were transferred to nitrocellulose membrane at 40 volts for 5 hours at 4 

°C. The transferred blot was blocked with blocking buffer [3% (w/v) bovine serum 

albumin (BSA) in PBST (PBS with 0.1% (v/v) Tween-20)] for 3 hours at 4 °C, and 

incubated with primary antibodies 214D4 (Millipore, 1:500 dilution) and β-actin (Abcam 

1:500 dilution) overnight at 4 °C. The nitrocellulose blots were washed three times with 

PBST, 5 minutes each at room temperature, followed with secondary anti-mouse 

antibody-HRP (1:100,000 dilution) in blocking buffer for 1 hour at room temperature. 

The blots were washed three times again with PBST, 5 minutes each at room 

temperature, and developed on audoradiographic film (Denville Scientific) using 

WestDura ECL (Thermo Scientific) following manufacturer instructions. Finally, ImageJ 

software was used to perform densitometry on immunoblot images (Schneider et al., 

2012).  
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B 

 
 

Figure 7. Western blotting with 214D4 antibody subjected or not subjected to 
hyperpolarization protocol. Protein was extracted from parental HT29-MTX-E12 cells 
(P) and lentiviral transfected GFP- and biological triplicates of luciferase-expressing 
HT29-MTX-E12 (1-3) cells. Parental HT29-MTX-E12 cell lysate (P) and biological 
triplicates of GFP- and luciferase-expressing HT29-MTX-E12 (1-3) cell lysate blots were 
probed with pre- and post- hyperpolarized MUC1 ectodomain antibody, 214D4 and anti- 
β-actin as a load control. A. Immunoblot of extracted protein from cells. B. Densitometry 
analysis of western blot using ImageJ software. No statistical analysis was performed due 
to the limited sample size; parental HT29-MTX-E12 (n=1) and GFP- luciferase-
expressing HT29-MTX-E12 (n=3).  
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Although no statistical analysis was performed for this experiment due to limited sample 

number (n<3), the western blot of MUC1-expressing HT29-MTX-E12 cell lysates (both 

parental and GFP- and luciferase-expressing) with 214D4 subjected to or not subjected to 

hyperpolarization show there is no visibly significant change in terms of 214D4 targeting 

of MUC1 after hyperpolarization. This result is significant because it indicates that the 

antibody is able to withstand the conditions of hyperpolarization without compromise to 

MUC1 ectodomain-targeting ability.  Additionally, both the parental and lentiviral 

transfected HT29-MTX-E12 cells express MUC1.  

 
 
2.4. Immunofluorescence studies 

 
 

The MUC1-positive human colon cancer cell line, HT29-MTX-E12, and the MUC1-

negative human bone stromal cell line, HS5, were immunostained for MUC1 ectodomain 

and cytoplasmic tail antibodies. The cells were separately grown on two-chambered 

coverslips (VWR International, Randor, PA) until approximately 70% confluent. Cell 

medium was removed and cells were washed with 1X PBS prior to fixation by 4% (w/v) 

paraformaldehyde (PFA) in water. After 10 minutes, PFA solution was removed, and 

cells were washed in PBS, followed by a 10 minute permeabilization with 0.2% (v/v) 

Triton-X in PBS.  The cells were then blocked in 1% (w/v) BSA in PBS with 0.2% (v/v) 

Triton-X for 1 hour at room temperature on a gently rotating shaker. The cells were 

incubated with MUC1 ectodomain mouse monoclonal antibody 214D4 (Millipore) at 

1:100 dilution, and MUC1 cytoplasmic tail rabbit polyclonal antibody CT-1 (made in-

house) at 1:25 dilution, in 1% (w/v) BSA blocking buffer overnight at 4 °C. The 

following day, the primary antibody solution was gently aspirated, and the cells were 
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washed again with PBS with 0.2% (v/v) Triton-X. Secondary anti-mouse AlexaFluor 488 

antibody and anti-rabbit AlexaFluor 568 antibody solutions at 1:500 dilution in blocking 

buffer was added to washed cells, and incubated overnight at 4 °C. The following day, 

the secondary antibody solution is removed, and the cells are washed with PBS for three 

times, 5 minutes each. In the last wash, 1 µg/m: of 4'6-diamidino-2-phenylindole (DAPI) 

was added for nuclear staining. The solution was aspirated following two minutes of 

DAPI incubation, and cells are mounted with glass cover slides with Prolong Antifade 

Mountant solution (Thermo Fisher), and imaged using Nikon A1 Rsi confocal 

microscope with a 60X water objective.  
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Figure 8. MUC1 immunostaining of HT29-MTX-E12 cells. A. Cells were stained for 
MUC1 ectodomain with 214D4 (green), and B. MUC1 cytoplasmic tail with CT-1 (red). 
C. Merged image of A and B with DAPI (blue). Scale bar: 25 µm. 
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Figure 9. MUC1 immunostaining of HS-5 cells. A. Cells were stained for MUC1 
ectodomain with 214D4 (green), and B. MUC1 cytoplasmic tail with CT-1 (red). C. 
Merged image of A and B with DAPI (blue). Scale bar: 25 µm. 
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Cell immunostaining reinforces results from western blot and indicates both MUC1 

cytoplasmic tail and ectodomain expression is specific to the HT29-MTX-E12 cells and 

not to HS-5 cells (Figures 8-9). This also confirms 214D4 is a promising candidate 

antibody for SiNP functionalization and in vitro cell binding assay.  

 
2.5. DNA aptamer binding assay 

 
 

The MUC1 positive cells, HT29-MTX-E12 and MCF7, and MUC1 negative cells HS-5 

cells were subjected to fluorescently tagged MUC1 DNA aptamer staining using method 

adapted from (Hu et al., 2012). The 86-base DNA aptamer was custom designed by 

Integrated DNA Technologies (IDT) with sequence 

5’/5Hexynyl//iSp18//AACCGCAATCCCTAAGAGTCGGACTGCACCCTATGCTATC

GTTGATGTCTGTCCAAGCAACACAGACACACTACACACGACCA/36-FAM/-3’. 

The cells were separately grown in 8-well glass chambers, until around 70% confluent. 

Cell media was removed and washed with PBS. Cells were then fixed with 4% PFA for 

10 minutes at room temperature, followed by washes by 1 PBS for 3 times, 5 minutes 

each. Blocking buffer 0.1% (w/v) salmon sperm DNA (Invitrogen) with 1% (w/v) BSA 

in Hank’s balanced salt solution (HBSS, Lonza) was incubated with cells for one hour at 

room temperature. MUC1 single stranded DNA aptamer was diluted in binding buffer 

(dilutions 1:1000, 1:500, 1:100, and binding buffer only with no DNA aptamer) and 

heated at 95 °C for 5 minutes, followed by immediate chilling on ice to 0 °C for 15 min 

before incubation with target cells at 4°C overnight. The following day, DNA aptamer 

solution was aspirated, and cells were washed three times with PBS. Cells were stained 

with Alexa Fluor 568 Phalloidin (1:400 dilution) (Thermo Fisher) and DAPI according to 
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the manufacturer’s directions. Finally, cells were washed again three times in PBS, and 

mounted with coverslip using ProLong antifade mountant (Thermo Fisher). Cells were 

imaged on Nikon A1 confocal microscope.  

 

 
 

Figure 10. 200 nM MUC1 DNA Aptamer staining of MUC1-positive and negative 
cells. A. Human colon cancer cells HT29-MTX-E12 cells B. Human breast cancer cells 
MCF-7 C. Normal human bone stromal cells HS-5. Red is phalloidin 568 staining. Blue 
is DAPI nuclear staining. Green is MUC1 DNA aptamer staining. Scale bar 20 µm. 

 

B 

C 

A 



! ! !28!
!

 
The MUC1 DNA aptamer binding assay of MUC1-expressing human colon cancer cells 

HT29-MTX-E12 and human breast cancer cells MCF-7 all did not yield detectable signal 

(Figure 10). The adapted protocol from Hu et al., 2012 was applied from flow cytometry 

experiment to confocal microscope-based imaging applications. Therefore, the confocal 

microscope may not have been as sensitive as flow cytometry approach to detect tagged 

fluorophore on DNA aptamers. Regardless, this result suggests the DNA aptamer binding 

may not be as robust as that of 214D4 antibody binding. Additionally, it should be noted 

that DNA aptamers are designed and selected to be specific to exclusive structures or 

glycoforms of MUC1. Extensive efforts to design and select for MUC1 DNA aptamers 

against specific MUC1-expressing cell line may not be applicable in in vivo systems, or 

in the clinic. In comparison, functionalizing SiNPs with a selection of already 

commercially available MUC1 antibodies is a more feasible approach. 
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Chapter 3 
 
 
Silicon Nanoparticle Functionalization 
 
 

Nanoparticles for health applications are developed with the intended in vivo use in 

patients. Therefore, biocompatible and hyperpolarizable silicon was chosen as 

nanoparticle material. Moreover, the chemical properties of silicon make it amenable for 

simple surface chemistry for the functionalization with targeting antibodies. Based on 

established studies on silicon and silica functionalization, a working model of silicon 

nanoparticle surface functionalization is being developed (Hermanson, 2013a, 2013b, 

2013c, 2013d, 2013e, 2013f; Salvati et al., 2013) (Figure 11). Briefly, silicon 

nanoparticle (SiNP) surface is silanized by a free-amine- presenting silane coupling agent 

(either 3-Aminopropyl)triethoxysilane or aminopropyldimethylethoxysilane), followed 

by PEGlyation, whereby the N-hydroxysuccinimide (NHS) group of polyethylene glycol 

(PEG) links with a free amine to generate covalent attachment to SiNPs. The maleimide 

group of PEG then is reacted with the thiol-containing MUC1 antibody. Unreacted 

maleimides then are quenched with thiol-containing cysteines. Finally, amine-reactive 

NHS-containing fluorophores are added to antibody-functionalized SiNPs to react with 

antibody and free SiNP surface amines for optical imaging. The following sections 

explain functionalization in detail.  
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Figure 11. SiNP functionalization scheme A. SiNP surface was treated with (3-
Aminopropyl)triethoxysilane (APTES) to generate amine groups. B. A polyethylene 
glycol chain (PEG)y linkage with an N-hydroxysuccinimide (NHS) group reacts with free 
surface amines to create (PEG)y linker attachment to 29SiP. C. Maleimide groups from 
(PEG)y linker reacts with thiol group from sulfhydryl groups on antibodies to create 
covalent linkages. D. Unreacted free maleimide groups from PEG reacts with thiols of 
free cysteine, thereby minimizing particle aggregation. E. Amine-reactive NHS-Alexa 
Fluor links with antibody to provide fluorescence signal to SiNP for fluorescent imaging. 
Image adapted from (Salvati et al., 2013) 
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3.1. Silicon silanization  

 
Silicon surface can be surface functionalized with functional groups through a well-

established method known as silanization (Bhushan et al., 2009; Hermanson, 2013f; 

Salvati et al., 2013). Silanization involves the covalent coupling of a silane coupling 

agent that contains a core silicon with typically three hydrolyzable groups, and an alkyl 

group attached to a functional group of interest that is the target of other biomaterial 

functionalization (Hermanson, 2013f; Figure 12). Two silanization experimental 

approaches detailed in the sections below, aqueous and anhydrous silane deposition, have 

been used in this study to determine the best method for hyperpolarization.   

 
 
 
Figure 12. Silane coupling agent for SiNP silanization. An organic spacer alkyl chain 
is attached to core silicon atom typically ends with a reactive or functional group. Up to 
three additional hydrolyzable groups are also attached to core silicon.  
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3.1.1. Aqueous silane deposition method 

 
 

The reaction mechanism of silane deposition typically involves an alkoxy-group 

containing silane or alkoxysilane coupling agent that first undergoes hydrolysis to form a 

highly reactive intermediate silanol that then couples with surface hydroxyl groups of 

silicon. With the removal of water, covalent Si-O-Si bonds are formed, completing SiNP 

surface silanization (Figure 13).  

 
In this study, APTES (Sigma-Alrich) was used for aqueous silane deposition. First, a dry 

powder form of SiNPs of approximately 20 mg was first washed once in acidic pH 2.5 70% 

ethanol in water (v/v) by centrifugation in a 1.5 mL Eppendorf tube. The SiNPs 

suspended in acidic ethanol solution were vortexed and probe sonicated at around 50 % 

amplitude (Qsonica Q700 sonicator) to minimize particle aggregates. Then, a final 

solution concentration of 1.25% (v/v) APTES was added to the sample tube, immediately 

vortexed and the probe sonicated. The tube was placed on a sample rotator for 2 hours at 

room temperature. Following 2 hours of reaction time, particles were spun down in the 

centrifuge at approximately 7000 x g for 7 minutes. The APTES solution was gently 

removed and then particles were washed with non-acidic 70% (v/v) ethanol in water. This 

wash process by centrifugation was repeated for 3 to 4 times. The supernatant solution 

was tested with an ultrasensitive pH strip (Hydrion) each time until the pH matched the 

neutral pH of non-acidic 70% (v/v) ethanol in water.  

 
The washed particles were transferred to a clean watch glass and placed in a fume hood 

overnight to allow moisture to evaporate to create covalent linkages of silanes to silicon 
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surface. Dried particles then were transferred to and stored in 1.5 mL Eppendorf tubes 

under argon gas if not used immediately.  

 
 

 
 
Figure 13. Coupling of APTES to silicon reaction mechanism. A. Triethoxy groups of 
APTES are hydrolyzed in the presence of water, forming reactive intermediates that 
readily form hydrogen bonds. B. Silanol condensation forms Si-O-Si bonds between 
silanes and also C. forms Si-O-Si bonds with oxidized silicon surface.  
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3.1.2. Anhydrous silane deposition method 

 
 

Methoxysilanes are the most reactive silane coupling agents when reacted with silicon in 

boiling organic solvents under classic organic chemistry reflux reactions. This method 

was also applied for SiNP silanization.  

 
In a chemical fume hood, a reflux reaction apparatus was set up. A 100 mL round bottom 

flask was attached to a condenser with continuously flowing cool water.  An angled 

drying tube was attached to the top opening of the condenser, and was filled with glass 

wool (Acros Organics) and desiccant calcium sulfate (Drierite) to prevent outside 

moisture from entering the reflux reaction apparatus.   

 
All reflux reactions and preparations were performed inside a chemical fume hood. 

Approximately 20 mg of dry powder SiNPs were added to a round bottom flask of 

reaction apparatus, followed by the addition of 20 mL toluene. The SiNP-toluene mixture 

was probe sonicated to minimize particle aggregation. Then, 1.25% (v/v) final solution 

APDMES (Gelest) was added to the reaction flask. A small stir bar was added to the flask 

before attachment to the reflux apparatus. The SiNP solution is heated to reflux (110.6!°C) 

overnight. After the solution was completely cooled to room temperature, the particles 

were spun down in the centrifuge at approximately 7000 x g for 7 minutes. The 

APDMES solution was gently removed and then particles were washed with non-acidic 

70% (v/v) ethanol in water. This wash process by centrifugation was repeated for 3 to 4 

times. In between each wash step, solution was tested on ultrasensitive pH strip. Washes 

continued until the pH of the SiNP solution in absolute ethanol matched neutral pH.  
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Similar to the preparation method of the APTES-functionalized SiNPs, APDMES-

functionalized SiNPs were removed from the reaction flask onto a clean watch glass. 

Particles were left to dry inside a chemical fume hood overnight. Dried particles were 

scraped off the watched glass and stored in 1.5 mL Eppendorf tubes under argon gas if 

not used immediately. 

 
3.1.3. Ninhydrin Colorimetric Assay 

 
 

SiNP surface presentation of free amines was confirmed by a simple ninhydrin 

colorimetric assay (Rosen, 1957). Approximately 20 µL of 5% ninhydrin (w/v) in 

absolute ethanol was added to a small glass vial. A 2 µL pipette tip is inserted into a tube 

of silanized (APTES or APDMES) SiNPs, and the particles stuck to pipette tip were 

transferred to and dispersed in the glass viral containing ninhydrin solution. The SiNP-

ninhydrin vial is placed on a hot plate. In the presence of free amines, the SiNP-ninhydrin 

solution brought to boiling will change color from the original faint yellow to a deep 

purple. Typically, this color change is immediate, and no variations between the hues of 

purple were observed between silanized samples. If all silanized SiNPs subjected to 

hyperpolarization or further functionalization studies were assayed with ninhydrin to 

confirm presence of surface free amines.   

 
3.2.  Silanized silicon particle PEGylation 

 
 

Polyethylene glycol (PEG) has been used as a modification reagent on nanoparticles in 

order to increase particle hydrophobicity and decrease immunogenicity, as well as to 

provide flexibility to surface modified biomolecules for targeting (Hermanson, 2013e; 
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Jokerst et al., 2011).  In this study, a heterobifunctional PEG (Thermo Fisher) with an 

amine-reactive N-hydroxysuccinimide (NHS) ester on one end, and a sulfhydryl- or thiol-

reactive maleimide group on the other end was used.  

 
PEG linkers were functionalized onto silanized SiNPs through the coupling of the N-

hydroxysuccinimide (NHS) group of PEG with silanized SiNP surface free amines. In 

this study, PEG2 and PEG8 were been used to investigate optimal PEG linker size 

conducive for hyperpolarization.  

 
First, approximately 20 mg of dry powder form of silanized SiNPs (either by APTES or 

APDMES) was transferred into a 1.5 mL Eppendorf tube. One mL of 20 mM HEPES 

buffer was added to particles, followed by mechanical agitation with a vortex mixer and 

probe sonication to minimize particle aggregation. Then, 5 mg/mL of PEG8 (v/v) was 

added to the SiNP solution. The sample tube was mechanically agitated by vortex 

mixing, and probe sonicated again, and then placed on a rotator for 2 hours at room 

temperature. The PEGlyated SiNPs were spun down in the centrifuge at approximately 

7000 x g for 7 minutes. The supernatant solution containing PEG was gently aspirated, 

and then the particles were washed with 1 mL 20 mM HEPES buffer. This wash process 

by centrifugation was repeated 3 to 4 times. Following the wash step, PEGlyated particles 

were stored in 20 mM HEPES buffer at room temperature for future experiments and 

further chemical modifications. This protocol was adapted from (Salvati et al., 2013).  
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Figure 14. PEGlyation of free-amine presenting APTES- or APDMES-
functionalized SiNPs.  The reaction of surface free amine on SiNP with NHS of NHS-
PEG-maleimide generates an amide bond linkage. Illustration adapted from (Hermanson, 
2013e) 

 
 
3.3.  Antibody functionalization 

 
 

Mouse monoclonal IgG directed against MUC1, clone 214D4 (Millipore), was 

functionalized to SiNPs through direct coupling between the thiol group of the antibody 

with the maleimide group on the PEG linker (Figure 10C). One mg of 214D4 antibody 

was first dialyzed in 2000 molecular weight cutoff dialysis tubing (Thermo Fisher) 

against 2.0 L of pre-chilled 1X PBS (pH 7.4) overnight at 4 °C to remove any low Tris-

containing free amines in the commercially prepared 214D4 solution. Following dialysis, 

the antibody was reduced with 1 mM tris(2-carboxyethyl)phosphine (TCEP) in PBS for 5 

minutes at room temperature. Then, the antibody solution was passed through desalting 

and the buffer exchange column PD midiTrap G-25 (GE Healthcare) according to the 
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manufacturer’s instructions.  The antibody was collected in 1.5 mL 20 mM HEPES 

buffer solution. A range of antibody-to-particle ratio (3 µg to 300 µg 214D4 per mg SiNP) 

was functionalized overnight on rotator at 4 °C.  The following day, particles were spun 

down in the centrifuge at approximately 7000 x g for 7 minutes. The supernatant solution 

was gently aspirated, and then the particles were washed with 1 mL 20 mM HEPES 

buffer. This wash process by centrifugation was repeated 3 to 4. Particles were suspended 

in 0.1% BSA (w/v) in 20 mM HEPES and stored at 4 °C.  This protocol was adapted 

from (Hermanson, 2013a).  

 
3.4.  Aggregation minimization by quenching unreacted maleimides of PEG  

 
 

To address the possibility of cross particle coupling via maleimide-antibody-maleimide 

interaction due to excess of free maleimides (5 mg/mL PEG per 20 mg SiNPs), 1 mL of 3% 

(w/v) N-acetylcysteine was added to 20 mg antibody-functionalized SiNPs in 20 mM 

HEPES solution (Figure 10 D). The particles were incubated for minimum of 4 hours on 

rotator at 4 °C. Following incubation, the particles were spun down in the centrifuge at 

approximately 7000 x g for 7 minutes. The supernatant solution was gently aspirated, and 

then the particles were washed with 1 mL 20 mM HEPES buffer. This wash process by 

centrifugation was repeated 3 to 4.  The particles were resuspended in 0.1% (w/v) BSA in 

20 mM HEPES and stored at 4 °C. 
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3.5.  Fluorophore attachment for imaging 

 
 

For direct in vitro and in vivo imaging, a range of 0.5 mg to 20 mg of functionalized 

SiNPs were incubated with 1mL of amine-reactive!Alexa Fluor® 546 NHS Ester (Thermo 

Fisher) at a 1: 1000 dilution for a minimum of 4 hours on a rotator at 4 °C. Following 

incubation, the particles were spun down in the centrifuge at approximately 7000 x g for 

7 minutes. The supernatant solution was gently aspirated, and then the particles were 

washed with 1 mL 20 mM HEPES buffer. This wash process by centrifugation was 

repeated 3 to 4.  The particles were resuspended in 0.1% (w/v) BSA in 20 mM HEPES 

and stored at 4 °C. 

 
To confirm successful fluorophore coupling to SiNPs, SiNP samples in water were 

placed in Tecan plate reader (Figure 15) and fluorescence signal detected at excitation 

and emission wavelengths of 554 nm and 570 nm, respectively, compared against water. 

Fluorophore-coupled PEG8lyated particles also were imaged with Nikon A1-Rsi confocal 

microscope with either a 560 nm laser or the reflectance mode to confirm particle 

fluorescence (Figure 16).  
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Figure 15.  SiNP fluorescence as determined on a plate reader. SiNPs were prepared 
as described in the methods detailed in above sections, and added in water. Fluorescence 
was determined by a 554 nm excitation laser and read at 570 nm emission. 
Unfunctionalized SiNPs, APTES-coupled SiNPs, PEG8lyated SiNPs, and 3% (w/v) 
cysteine treated PEG8lyated SiNPs did not have detectable fluorescence.  Alexa Fluor® 
546 coupled 3% (w/v) cysteine treated PEG8lyated SiNPs and control IgG functionalized 
(300 µg antibody/mg SiNP) SiNPs display significantly higher relative fluorescence 
intensity (RU).  
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Figure 16. Imaging of fluorophore-coupled PEG8lyated SiNPs. A. Particles imaged 
with a 560 nm laser. B. Particles imaged using reflectance mode C. Merged image of 
brightfield and panel A. D. Brightfield image only. Images are captured through a 60X 
oil objective. Scale bar: 5 µm.   
 

 
 
 
 
 
 
 
 
 
 
 

A. B. 

C. D. 
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3.6.SiNP surface decontamination 

 
 

 A study performed by Shirai et al., 2000, on pre-silanized SiO2 plates by X-ray 

photoelectron spectrometry (XPS) has identified organic contamination absorbed on plate 

surface. Following various experimental methods of surface decontamination of SiO2 and 

Si, Yoshia et al., 2002 determined decontamination method by sodium persulfate as the 

most successful at removing carbon contamination.  

 

As inefficient SiNP surface silanization could potentially compromise hyperpolarization 

efficiency by preventing free radical access to the Si surface, the SiNP surface was 

decontaminated using sodium persulfate using an adapted protocol from (Shirai et al., 

2000; Yoshida et al., 2002).  

 
In a chemical fume hood, a reflux apparatus was set up as previously described. Around 

20 mg of dry powder bare SiNPs as added to round-bottom flask of reflux apparatus, 

followed by addition of 20 mL of 0.1% sodium persulfate (w/v). The particle solution 

was probe sonicated to minimize particle aggregation. A small magnetic stir bar was 

added to the flask before attachment to reflux apparatus. The solution was heated to 

reflux for around 30 minutes. The solution is cools to room temperature before SiNPs 

transferred to 1.5 mL Eppendorf tubes and spun down in the centrifuge at approximately 

7000 x g for 7 minutes. The supernatant solution was gently aspirated, and then the 

particles were washed with 1 mL 20 mM HEPES buffer. This wash process by 

centrifugation was repeated 3 to 4 times. The washed particles are then dried on clean 
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glass watch glass overnight in fume hood. Dried particles are transferred to and stored in 

1.5 mL Eppendorf tubes under argon gas if not used immediately. 

 
3.7. Dynamic light scattering SiNP zetasize analysis 

 
 

The SiNPs (Meliorum Nanotechnologies) used in this study were stated by the 

manufacturer to be 70 nm in diameter. To confirm this, SiNPs were suspended in MilliQ 

water at different concentrations, and probe sonicated (Qsonnica Q700) before zetasize 

analysis at room temperature as described by the manufacturer (Malvern Zen 3600 

Zetasizer).  

 
 
 

 
 
 
Figure 17. Unfunctionalized SiNP size distribution by intensity. Unfunctionalized 
SiNPs suspended were in MilliQ water at a concentration of 0.01 mg/mL. Zetasize was 
measured in three measurements following probe sonication. Blue: first measurement; 
Red: second measurement; Green: third measurement. Size is indicated by diameter in 
nanometers (d.nm). 
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Table 1. Unfunctionalized SiNP size distribution in water. With increasing in SiNP 
concentrations in the mean size distribution of particle diameter increased in water, as 
measured by dynamic light scattering (DLS). Each data point is mean of three 
consecutive measurements by zetasizer of sample n=1.  
 

 

 
 
 
 
 
 
 
 
 
 

 
Table 2. Unfunctionalized SiNP size distribution in water with 0.1 mM SDS. With 
increasing in SiNP concentrations in the mean size distribution of particle diameter 
increased in water supplemented with SDS, as measured by dynamic light scattering 
(DLS). Each data point is mean of three consecutive measurements by zetasizer of 
sample n=1.  
 
 

SiNP concentration in 
water only 

Mean size 
distribution by 
intensity (nm) 

      
   Standard deviation (nm) 

0.0056 mg/mL 220.1 
 
3.265 

0.0080 mg/mL 220.0 
 
5.908 

0.0100 mg/mL 238.0 
 
11.41 

0.0125 mg/mL 273.7 
 
6.634 

SiNP in water with 0.1 mM SDS   
(0.0125 mg/mL) 

Mean size distribution 
by intensity (nm) 

      
   Standard deviation (nm) 

   

  SiNP-APTES 329.2 
 

19.77 

  SiNP-APTES-PEG2 384.5 
 

2.081 

 SiNP-APTES-PEG2-214D4 297.9 
 

10.93 
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Chapter 4 
 
 
In Vitro Cell Binding Assay  

 
To investigate the targeting specificity of antibody-coupled to SiNPs, 214D4-

functionalized particles of varying antibody-to-particle ratios, were separately incubated 

with MUC1-positive and MUC1-negative cell lines in an in vitro cell binding assay.  

 
4.1.   2 µm silicon particle binding assay 

 
 

MUC1 positive HT29-MTX-E12 cells, as well as MUC1 negative HS-5 cells were 

seeded at around 50,000 cells per well, and cultured for 72 hours. Functionalized particles 

(100 µg SiNP/mL medium) were prepared as described in sections 3.1-3.9, and 

suspended in serum-free DMEM F12. The particles were subjected to vigorous rotary 

mechanical agitation, probe sonicated, and mechanically agitated again immediately 

before addition to each well (200 µL). The 8-well chamber slides were then placed in a 

humidified chamber of air: CO2 95:5 (v/v) at 37 °C for 40 minutes on a cell culture rocker 

at 10 cycles per minute. In the last 10 minutes, Calcein AM and Hoechst (Invitrogen) 

were added to the cells (1:1000) according to the manufacturer’s instructions. Following 

particle incubation, the SiNP suspension was gently aspirated. Cells were gently washed 

3 times 400 µL per well with prewarm serum-free DMEM, and left in the same medium 

for imaging on a confocal microscope (Nikon A1-Rsi) using a 60X water objective.  
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Figure 18.  Cell binding  of 214D4-functionalized SiNPs (300 ug 214D4/mg SiNP)  to 
HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same 
chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the same 
chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 19.  Cell binding of 214D4-functionalized SiNPs (120 µg 214D4/mg SiNP) to 
HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same 
chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the same 
chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 20.  Cell binding of 214D4-functionalized SiNPs (60 µg 214D4/mg SiNP) to 
HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same 
chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the same 
chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 21.  Cell binding of 214D4-functionalized SiNPs (20 µg 214D4/mg SiNP)  to 
HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same 
chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the same 
chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 22.  Cell binding of 214D4-functionalized SiNPs (300 µg 214D4/mg SiNP)  to 
HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same 
chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the same 
chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 23.  Cell binding assay of PEG8lyated SiNPs (0 µg 214D4/mg SiNP) to HT29-
MTX-E12 and HS-5 cells. A. and B. show 2 images captured in the same chamber of 
HT29-MTX-E12 cells. C. and D. show 2 images captured in the same chamber of HS-5 
cells.  Black dots indicate silicon microparticles (2 µm SiPs from Meliorum 
Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm.  
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Figure 24.  Cell binding assay of control IgG functionalized SiNPs (300 µg control 
IgG/mg SiNP) on HT29-MTX-E12 and HS-5 cells. A. and B. show 2 images captured 
in the same chamber of HT29-MTX-E12 cells. C. and D. show 2 images captured in the 
same chamber of HS-5 cells.  Black dots indicate silicon microparticles (2 µm SiPs from 
Meliorum Nanotechnologies) Green, Calcein AM; Blue, Hoechst signal. Scale bar 25 µm. 
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My results indicated that while 214D4 antibody-conjugated microparticles appeared to 

bind to areas of MUC1-expressing HT29-MTX-E12 cells, this was inconsistent, as shown 

by paired images within individual wells. This was true for SiNPs conjugated at all 

antibody:SiNP ratios. I observed areas with few particles co-localizing with HT29-MTX-

E12 cells, and areas with high concentration of particle aggregates. In contrast, HS-5 

wells do not display disparity in particle aggregations and localizations. SiNPs 

conjugated at all antibody:SiNP ratios uniformly fail to bind to HS-5 cells.  

 
 
4.2.  70 nm silicon particle cell-binding assay without cysteine treatment 

 
 

The silicon microparticle cell-binding assay described in Section 4.1 was repeated in the 

same way using 70 nm nanoparticles (Meliorum Nanotechnologies). The SiNPs were 

prepared following the protocol from Section 3.1-3.9; however, the particles in this assay 

were not treated with 3% cysteine or 0.1% BSA incubation. In addition, these SiNPs 

were not conjugated with fluorophore. The samples were imaged on confocal microscope 

Nikon A1-Rsi using 60X water objective under reflectance mode. 
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Figure 25. Binding of 214D4-functionalized SiNPs to MUC1-positive HT29-MTX-
E12 cells without cysteine quench and BSA incubation.  366 µg 214D4/ mg SiNP-
PEG2 (A-C), 183 µg 214D4/ mg SiNP-PEG2 (D-F), and 73.2 µg 214D4/ mg SiNP-PEG2 
(G-I) on HT29-MTX-E12 cells. A., D., G., bright field imaging. B., E., H., reflectance 
mode to observe SiNP signal. C., F., I., Merge of reflectance mode signal and Hoechst 
nuclear stain. Both black dots (under bright field) indicate and red (reflectance mode) 
demonstrate SiNP localization. Scale bar 25 µm.  

A. B. C. 

D. E. F. 

G. H. I. 
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Figure 25. Binding of 214D4-functionalized SiNPs to MUC1-positive HT29-MTX-
E12 cells without cysteine quench and BSA incubation.  36.6 µg 214D4/ mg SiNP-
PEG2 (J-L), 7.20 µg 214D4/ mg SiNP-PEG2 (M-O), 0 µg 214D4/ mg SiNP-PEG2  (P-R), 
and 366 µg control IgG/ mg SiNP-PEG2 (S-U), on HT29-MTX-E12 cells. J., M., P., 
S.,bright field imaging. K., N., Q., T., reflectance mode to observe SiNP signal. L., O., 
R., U., Merge of reflectance mode signal and Hoechst nuclear stain. Both black dots 
(under bright field) indicate and red (reflectance mode) demonstrate SiNP localization. 
Scale bar 25 µm. 

J. K. L. 

M. N. O. 

P. Q. R. 

S. T. U. 
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Figure 26. Binding of 214D4-functionalized SiNPs to MUC1-negative HS-5 cells 
without cysteine quench and BSA incubation.  366 µg 214D4/ mg SiNP-PEG2 (A-C), 
0 µg 214D4/ mg SiNP-PEG2 (D-F), and 366 µg control IgG/ mg SiNP-PEG2 (G-I) on 
HS-5 cells. A., D., G., bright field imaging. B., E., H., reflectance mode to observe SiNP 
signal. C., F., I., Merge of reflectance mode signal and Hoechst nuclear stain. Both black 
dots (under bright field) indicate and red (reflectance mode) demonstrate SiNP 
localization. Scale bar 25 µm. 
 
  
 
 
 
 

A. B. C. 

D. E. F. 

G. H. I. 



! ! !57!
!
While the SiNPs not treated with cysteine and BSA formed micron-sized aggregates in 

the in vitro binding assay with antibody/SiNP ratios at and below 183 µg 214D4 per mg 

particle, reflectance mode-based imaging suggests 214D4-functionalized particles 

selectively localize around HT29-MTX-E12 cell colony peripheries (Figure 25).!The 

functionalized particles at 366 µg 214D4 per mg SiNP did not selectively localize around 

HS-5 cells (Figure 26). The SiNP binding appeared to be most significant at 214D4 

antibody-to-SiNP ratio of 183 µg/mg. Interestingly, no large particle aggregates were 

detected in the HT29-MTX-E12 and HS-5 cells treated with SiNPs prepared at 366 

µg/mg 214D4-to-SiNP ratio. A possible explanation could be that 214D4 antibodies at 

concentration of 366 µg per mg of SiNP have saturated the surface of these SiNP 

surfaces, and thus preventing aggregation. However, repeated experiments are needed to 

further evaluate the behavior of particles prepared at 366 µg/mg 214D4-to-SiNP ratio and 

their binding patterns on MUC1-positive and negative cell lines.  

 
 
4.3. Fluorophore-tagged 70 nm silicon particle binding assay with cysteine treatment 

and BSA 
 

 
The silicon microparticle cell-binding assay described in Section 4.1 was repeated this 

time using nanoparticles (Meliorum Nanotechnologies). The SiNPs were prepared 

following the protocol described in Sections 3.1-3.10. These particles were treated with 

cysteine and BSA in an effort to minimize aggregation, and also were fluorescently 

tagged for direct imaging. The samples were imaged by confocal microscopy on Nikon 

A1-Rsi using a 60X oil objective under both reflectance mode and a 560 nm excitation 

laser. 
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Figure 27. Binding of cysteine and BSA-treated fluorophore-tagged 366 µg 214D4 
antibody/mg 70 nm SiNPs. 366 µg 214D4/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance 
mode signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale 
bar 25 µm. 
 
 

 
 
 
 
 
 
 
 
 
 

A. B. C. 

D. E. F. 
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Figure 28. Binding of cysteine and BSA-treated fluorophore-tagged 183 µg 214D4 
antibody/mg 70 nm SiNPs. 183 µg 214D4/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance 
mode signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale 
bar 25 µm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B. C. 

D. E. F. 
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Figure 29. Binding of cysteine and BSA-treated fluorophore-tagged 73.2 µg 214D4 
antibody/mg 70 nm SiNPs. 73.2 µg 214D4/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectant mode 
signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale bar 25 
µm. 
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Figure 30. Binding of cysteine and BSA-treated fluorophore-tagged 36.6 µg 214D4 
antibody/mg 70 nm SiNPs. 36.6 µg 214D4/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance 
mode signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale 
bar 25 µm. 
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Figure 31. Binding of cysteine and BSA-treated fluorophore-tagged 7.20 µg 214D4 
antibody/mg 70 nm SiNPs. 7.20 µg 214D4/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance 
mode signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale 
bar 25 µm. 
 

 
 
 
 
 
 
 
 
 
 
 
 

A. B. C. 

D. E. F. 
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Figure 32. Binding of cysteine and BSA-treated fluorophore-tagged 300 µg control 
IgG /mg 70 nm SiNPs. 300 µg control IgG/ mg SiNP-PEG8 on HT29-MTX-E12 cells 
(A-C) and HS-5 cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 
nm excitation laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance 
mode signal and Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale 
bar 25 µm. 
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Figure 33. Binding of cysteine and BSA-treated fluorophore-tagged PEG8lyated 70 
nm SiNPs. 0 µg antibody/ mg SiNP-PEG8 on HT29-MTX-E12 cells (A-C) and HS-5 
cells (D-F). A., D., reflectance mode to observe SiNP signal. B., E., 560 nm excitation 
laser to observe SiNP-tagged fluorophore C., F., Merge of reflectance mode signal and 
Hoechst nuclear stain. Red dots demonstrate SiNP localization. Scale bar 25 µm. 
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The antibody-functionalized SiNPs treated with cysteine and BSA (Figures 27-33) 

appeared to form less aggregates in cell binding assay than antibody-functionalized 

SiNPs without cysteine and BSA treatment (Figure 25-26). However, there was no 

obvious change in particle-cell interaction between the MT29-MTX-E12 cells and HS-5 

cells. SiNP signal on reflectance mode showed a low intensity red haze over both cell 

lines under reflectance mode. Surprisingly, SiNP fluorophore signal via 560 nm laser 

excitation is not captured, which is contrary to previous plate reader experiment results 

that indicated fluorescence signal detected on fluorophore-tagged PEGlyated and 

antibody-functionalized SiNPs (Figure 16).  

 
 
4.4.  BSA and FBS media treatment to reduce SiNP nonspecific background 

binding 
 

 
To overcome the background signal and aggregation of particles (Figures 27-33), 300 µg 

control IgG/mg SiNPs were prepared according to the method described in Sections 3.1-

3.10, and used in experiments to attempt to reduce this nonspecific background binding. 

SiNPs were incubated again with MUC1-positive HT29-MTX-E12 cells and in this case 

a MUC1-knockout HEC50 cell line previous described (Engel et al., 2016). Cells in each 

well were incubated with particles suspended in DMEM/F12 along with various 

combinations and concentrations of BSA and FBS in an attempt to determine the optimal 

incubation media condition to minimize non-specific SiNP background binding to cells.  

 
 



! ! !66!
!

 
 
Figure 34.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.1% BSA. Cells were incubated with 300 µg control IgG/mg SiNPs. 
A. Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. 
C. Merge of B and brightfield. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
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Figure 35.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.5% BSA. Cells were incubated with 300 µg control IgG/mg SiNPs. 
A. Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. 
C. Merge of B and brightfield. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
 

 
 
 
 

 

A. B. 

C. D. 
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Figure 36.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.1% BSA and 0.5% FBS. Cells were incubated with 300 µg control 
IgG/mg SiNPs. A. Cells imaged under 560 nm excitation laser. B. Cells imaged under 
reflectance mode. C. Merge of B and brightfield. D. Merge signals of B and Calcein AM 
(green). Blue: Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
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Figure 37.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.5% BSA and 0.5% FBS. Cells were incubated with 300 µg control 
IgG/mg SiNPs. A. Cells imaged under 560 nm excitation laser. B. Cells imaged under 
reflectance mode. C. Merge of B and brightfield. D. Merge signals of B and Calcein AM 
(green). Blue: Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
 

A. B. 

C. D. 
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Figure 38.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.1% BSA and 1.0% FBS. Cells were incubated with 300 µg control 
IgG/mg SiNPs. A. Cells imaged under 560 nm excitation laser. B. Cells imaged under 
reflectance mode. C. Merge of B and bright field. D. Merge signals of B and Calcein AM 
(green). Blue: Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
 

A. B. 

C. D. 
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Figure 39.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.5% BSA and 1.0% FBS. Cells were incubated with 300 µg control 
IgG/mg SiNPs. A. Cells imaged under 560 nm excitation laser. B. Cells imaged under 
reflectance mode. C. Merge of B and bright field. D. Merge signals of B and Calcein AM 
(green). Blue: Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm. 
 

A. B. 

C. D. 
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Figure 40.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 0.5% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. 
A. Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. 
C. Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
!

A. B. 

C. D. 
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Figure 41.  Control IgG-SiNP binding to HT29-MTX-E12 in phenol red free 
DMEM/F12 with 1.0% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. 
A. Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. 
C. Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

 
 
 
 
 
 

 
 

A. B. 

C. D. 
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Figure 42.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.1% BSA. Cells were incubated with 300 µg control IgG/mg SiNPs. A. Cells imaged 
under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. Merge of B 
and bright field. D. Merge signals of B and Calcein AM (green). Blue: Hoechst nuclear 
staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

A. B. 

C. D. 
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Figure 43.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.5% BSA. Cells were incubated with 300 µg control IgG/mg SiNPs. A. Cells imaged 
under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. Merge of B 
and bright field. D. Merge signals of B and Calcein AM (green). Blue: Hoechst nuclear 
staining. Red indicates SiNP localization. Scale bar 25 µm.!

 
 
 
 

A. B. 

C. D. 
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Figure 44.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.1% BSA and 0.5% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. 
Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. 
Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

 
 
 
 

A. B. 

C. D. 
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Figure 45.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.5% BSA and 0.5% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. 
Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. 
Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
 
 

 
 

A. B. 

C. D. 
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Figure 46.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with  
0.1% BSA and 1.0% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. 
Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. 
Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

 

A. B. 

C. D. 
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Figure 47.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.5% BSA and 1.0% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. 
Cells imaged under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. 
Merge of B and bright field. D. Merge signals of B and Calcein AM (green). Blue: 
Hoechst nuclear staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

A. B. 

C. D. 
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Figure 48.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
0.5% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. Cells imaged 
under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. Merge of B 
and bright field. D. Merge signals of B and Calcein AM (green). Blue: Hoechst nuclear 
staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

 

A. B. 

C. D. 
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Figure 49.  Control IgG-SiNP binding to HEC50 in phenol red free DMEM/F12 with 
1.0% FBS. Cells were incubated with 300 µg control IgG/mg SiNPs. A. Cells imaged 
under 560 nm excitation laser. B. Cells imaged under reflectance mode. C. Merge of B 
and bright field. D. Merge signals of B and Calcein AM (green). Blue: Hoechst nuclear 
staining. Red indicates SiNP localization. Scale bar 25 µm.!
 

 
 
 
 
 
 
 
 

A. B. 

C. D. 
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Both cell types (HT29-MTX-E12 and HEC50) cells incubated with control IgG-

functionalized SiNPs with the addition of various combinations and concentrations of 

BSA and FBS did not seem to minimize the effect of red haze across cells under 

reflectance mode. Additionally, particle aggregation, notably in wells with HT29-MTX-

E12 cells, as also consistently observed. It is unclear why there is consistent aggregation 

of SiNPs in HT29-MTX-E12 cells. However, certain secreted factors specific to HT29-

MTX-E12 cells may be contributing to particle aggregation.  

 
 
4.5.  Reflectance mode imaging of cells only 

 
 

To investigate whether the consistently observed red haze of cells imaged under 

reflectance mode are due to nonspecific SiNP binding, cells alone (HT29-MTX-E12, HS-

5, and HEC50) without SiNPs were imaged under identical conditions used in previous 

cell binding assays. Reflectance mode images of each cell types show a hazy red 

background consistently (Sections 4.3-4.4; Figure 50) and indicate that the red haze is 

not due to SiNP presence, but of other intrinsic cellular components, e.g. metal ions. No 

signal was expected from the 560 nm laser excitation, which was consistent with 

expectation. The findings from this experiment suggest that the previously cysteine and 

BSA-treated 214D4-functionalized SiNPs (Figure 27-33) in vitro cell binding assay did 

not demonstrate MUC1-specific targeting. While the fluorophore signal from 560 nm 

excitation laser (Figures 27-33) was faint, there was co-localization of few particle 

aggregates imaged under the 560 nm excitation laser that overlap with higher intensities 

of red SiNP signal from reflectance mode. This suggests that high intensity red dots 

imaged under reflectance mode do reveal localization of larger particle aggregates, while 
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the faint red haze across cells do not. Additionally, although the range of ratios of 

antibody-to-SiNP remained consistent between that of cysteine and BSA-treated and non-

treated SiNPs (Figures 25-33), there was visibly more particle aggregates of 214D4-

functionalized SiNPs without cysteine and BSA treatment around MUC1-expressing 

HT29-MTX-E12 cell colony peripheries (Figures 25-26). Beside the difference of 

cysteine and BSA treatment between these two assays, the PEG linker size was also 

different. SiNPs without cysteine and BSA treatment were PEGlyated with shorter PEG 

linker than that of PEG8 for the cysteine and BSA treated SiNPs. This may suggest PEG 

linker size may also play a role in particle aggregation and cell targeting.  However, cell 

binding assay with antibody-functionalized PEG2lyated and PEG8layted SiNPs need to 

be repeated to confirm. The red haze observed across cells without SiNPs (Figure 50) 

appear to be consistent with the red haze seen on HT29-MTX-E12 and HS-5 cells treated 

with 214D4-functionalized SiNPs (Figures 25-26) at antibody concentration of 366 µg 

214D4 per mg SiNP. The absence of detectable particle aggregates in these wells is 

unknown. Again, repetition of cell binding assay is required to confirm SiNP binding 

pattern across different antibody-to-SiNP ratios.  
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Figure 50.  Reflectance mode imaging of cells only. HT29-MTX-E12 cells (A-C), HS-
5 cells (D-F), and HEC50 cells (G-I) were imaged without the addition of SiNPs under 
A., D., G., Reflectance mode and B., E., H., Imaging with 560 nm laser excitation C., F., 
I., Merged image of A and Calcein AM staining (green). Blue: Hoechst nuclear staining. 
Scale bar 25 µm. 
 
 

 
 

 

A. B. C. 

D. E. F. 
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Chapter 5 
 
 
Transgenic Mouse Colon MUC1 Immunostaining  

 
 
 

In tandem with in vitro cell binding assays to investigate the binding efficiency of MUC1 

antibody-functionalized SiNPs on MUC1-expressing cells, a human MUC1-expressing 

animal model, MUC1 hemizygous, Apc
min/+ transgenic mouse (Tg(MUC1)79.24Gend; 

The Jackson Laboratory) and MUC1 wildtype (WT) Apc
min/+ (C57BL/6J-ApcMin/J; The 

Jackson Laboratory) were bred and maintained (Dr. David Mentor Group, MD Anderson 

Cancer Center) for in vivo studies (Table 3). MUC1 hemizygous, Apc
min/+ transgenic 

mice were treated with the inflammatory agent dextran sodium sulfate (DSS), known to 

generate colonic tumor formation (Wirtz et al., 2007). Both DSS-treated and non-treated 

colon tissues were immunostained with the MUC1 ectodomain-directed antibodies, 

214D4, HMFG1, HMFG2, and SM3, and MUC1 cytoplasmic tail antibody CT-1, to 

determine which might be most useful for tumor-targeting in vivo. The ectodomain 

antibody with the most robust staining of tumors formed in this model would be chosen 

for future work.  
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Table 3.  Mouse colon tissue samples used for immunostaining. The details of mice 
genotype, sex, age, and treatment condition in this table correlate with the ensuing 
immunostaining figures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mouse genotype  Sex Age 
(weeks) 

Treatment condition Sample 
type 

Figure 

MUC1 hemizygous, 
Apc

min/+
 

M 10.1 1 treatment 1.0% DSS for 5 days, 
followed by 3 weeks plain water + 
1 day 1.0% DSS  
No treatment 

10 µm slice 
colon in OCT 

51 

MUC1 hemizygous, 
Apc

min/+
 

F 16.3 1 treatment 1.0% DSS for 5 days, 
followed by 3 weeks plain water + 
1 day 1.0% DSS, followed by 6.1 
weeks plain water  

10 µm slice 
colon in OCT 

52 

Muc1 hemizygous, 
Apc

min/+
 

M  16.3 No treatment 10 µm slice 
colon in OCT 

53 

MUC1 WT, Apc
min/+

 M 15.3 No treatment 10 µm slice 
colon in OCT 

54 
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Figure 51. MUC1 immunostaining of colonic cross-section of DSS-treated male 10.1 
week old MUC1 hemizygous, Apc

min/+ mouse with tumor. Images of colonic villi are 
shown (V) with the facing the lumen (L) indicated to indicate apical orientation. In each 
panel, a tumor (T) is evident pushing against the colonic wall. Sections were stained with 
both the indicated MUC1 ectodomain antibody (green) and the MUC1 cytoplasmic 
domain antibody, CT-1 (red). A., D., G., J. Merge of the indicated MUC1 ectodomain 
antibody and cytoplasmic domain antibody signal B and C along with DAPI nuclear 
staining (blue). B., E., H., K. MUC1 cytoplasmic tail staining by CT-1, (red) and DAPI 
staining. C., F., I., L.  MUC1 ectodomain staining (green) and DAPI staining. Scale: 25 
µm. 

21
4D

4 
H

M
FG

1 
H

M
FG

2 
S

M
3 

A.  B.  C.  

D.  E.  F.  

G.  H.  I.  

J.  K.  L.  

L 

L 

L 

L 

V 

V 

V 

V 

T 

T 

T 

T 



! ! !88!

 
Figure 52. MUC1 immunostaining of colonic cross-section of DSS-treated 16.3 week-
old female MUC1 hemizygous, Apc

min/+ mouse without tumor.  Images of colonic villi 
are shown (V) with the facing the lumen (L) indicated to indicate apical orientation.  The 
DSS-treated mouse of this stained colon section did not develop any colon tumors. 
Sections were stained with both the indicated MUC1 ectodomain antibody (green) and 
the MUC1 cytoplasmic domain antibody, CT-1 (red). A., D., G., J. Merge of the 
indicated MUC1 ectodomain antibody and cytoplasmic domain antibody signal B and C 
along with DAPI nuclear staining (blue). B., E., H., K. MUC1 cytoplasmic tail staining 
by CT-1, (red) and DAPI staining. C., F., I., L.  MUC1 ectodomain staining (green) and 
DAPI staining. Scale: 25 µm 
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Figure 53. MUC1 immunostaining of colonic cross-section of 16.3 week old male 
MUC1 hemizygous, Apc

min/+ mouse without tumor.  Images of colonic villi are shown 
(V) with the facing the lumen (L) indicated to indicate apical orientation. Sections were 
stained with both the indicated MUC1 ectodomain antibody (green) and the MUC1 
cytoplasmic domain antibody, CT-1 (red). A., D., G., J. Merge of the indicated MUC1 
ectodomain antibody and cytoplasmic domain antibody signal B and C along with DAPI 
nuclear staining (blue). B., E., H., K. MUC1 cytoplasmic tail staining by CT-1, (red) and 
DAPI staining. C., F., I., L.  MUC1 ectodomain staining (green) and DAPI staining. 
Scale: 25 µm 
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Figure 54. MUC1 immunostaining of colonic cross-section of 15.3 week-old male 
MUC1 WT, Apc

min/+ mouse without tumor.  Images of colonic villi are shown (V) with 
the facing the lumen (L) indicated to indicate apical orientation. Sections were stained 
with both the indicated MUC1 ectodomain antibody (green) and the MUC1 cytoplasmic 
domain antibody, CT-1 (red). A., D., G., J. Merge of the indicated MUC1 ectodomain 
antibody and cytoplasmic domain antibody signal B and C along with DAPI nuclear 
staining (blue). B., E., H., K. MUC1 cytoplasmic tail staining by CT-1, (red) and DAPI 
staining. C., F., I., L.  MUC1 ectodomain staining (green) and DAPI staining. Scale: 25 
µm 
 

21
4D

4 
H

M
FG

1 
H

M
FG

2 
S

M
3 

A.  B.  C.  

D.  E.  F.  

G.  H.  I.  

J.  K.  L.  

L 

L 

L 

L 

V 

V 

V 

V 



! ! !91!

MUC1 cytoplasmic tail immunostaining with a cytoplasmic tail-directed antibody that 

recognizes all forms of MUC1 demonstrated that MUC1 is only detected in MUC1 

hemizygous, Apc
min/+

 mouse colon sections and not in that of MUC1 WT, Apc
min/+

mouse. 

MUC1 ectodomain immunostaining with any of the four ectodomain-directed antibodies 

(214D4, HMFG1, HMFG2, and SM3) did not match the intensity seen with the 

cytoplasmic domain antibody (CT-1) staining. Among the four, 214D4 signal was the 

highest. Nonetheless, between two different mouse samples (Figures 51 and 52), there 

also were differences in immunostaining intensity of the DSS-treated colonic villi. Most 

strikingly, the apical surface of the colonic tumor in Figure 51 did not stain positively 

with MUC1 ectodomain ectodomain antibodies as the neighboring colonic villi did, in 

spite of observing strong CT-1 staining. This suggests that the mouse tumor presents 

MUC1 glycoforms not identified by 214D4, or by HMFG1 HMGF2, and SM3.    

 

In summary, the level of MUC1 expression MUC1 hemizygous, Apc
min/+

  in as identified 

by CT-1 staining suggests variability in expression level between individual animals. The 

DSS-treated 10.1 week-old MUC1 hemizygous, Apc
min/+ mouse with colon tumor 

displayed lower CT-1 staining intensity than that of DSS-treated 16.3 week-old female 

MUC1 hemizygous, Apc
min/+ mouse without tumor.  Comparing DSS-treated and no 

treated MUC1 hemizygous, Apc
min/+ mouse colon staining for CT-1 staining, it is also 

difficult to determine whether DSS treatment increases MUC1 expression. Additional 

tissue staining on more mouse samples, and across different colon sections of the same 

mouse would be useful to evaluate MUC1 expression pattern as correlated with DSS-

treatment. In the immunostaining of the one tumor section in this experiment (Figure 
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51), the four MUC1 ectodomain-directed antibodies did not appear to stain for tumor 

surface MUC1 ectodomain robustly. There are a number of other MUC1 ectodomain 

antibodies that can and should be tested (Cascio and Finn, 2015; Norum et al., 1998).  
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Chapter 6 
 
 
Summary and Discussion 

 
 
CRC is a largely preventable cancer if colonic tumors are detected and removed at early 

stages of development (Fung et al., 2014). However, it remains one of the leading causes 

of cancer-related mortality worldwide due to limitations in clinical technologies to 

effectively detect colonic tumors and abnormalities (Davies et al., 2005; Levin et al., 

2008; Schmoll et al., 2012; Winawer et al., 2003). To overcome current challenges in 

colonic tumor detection, efforts of this project focused on moving away from 

macroscopic examinations by eye such as the current clinical gold standard of 

colonoscopy, and instead sought to develop a technology that would enable more 

sensitive identification based on detection of tumor cell surface molecular markers.  

 
Aberrant glycosylation is a universal feature of cancer (Varki et al., 2009). The apical 

surface of colonic epithelia is layered with a wide array of large molecular weight, 

heavily glycosylated proteins, or mucins (Holst et al., 2015). Transmembrane mucin type 

I, or MUC1, is aberrantly glycosylated in cancer, and its overexpression in patients is 

correlated with worsened prognosis (Kufe, 2009). Even at the onset of benign tumor 

formation, aberrantly glycosylated MUC1 is detected on patient sample (Cascio and Finn, 

2015). Most strikingly, aberrant MUC1 expression level is heightened on cancerous 

colon tissue (Cascio and Finn, 2015). This makes MUC1 a promising molecular target for 

early tumor detection. 



! ! !94!

 

MUC1 provides an unique target for molecular-based targeting and detection. It is a large 

transmembrane mucin that extends up to 500 nm away from cell surface (Danysh et al., 

2012). By combining a new method of hyperpolarizing silicon nanoparticles for MR-

based imaging and known methods of silicon-based functionalization, tumor-specific 

offers an intriguing potential early stage CRC detection target (Salvati et al., 2013; 

Whiting et al., 2015a, 2015b). I aimed to develop a hyperpolarized silicon nanoparticle 

(SiNP)-based approach to selectively and sensitively detect colonic tumors through a 

minimally invasive MR-based imaging system.   

 

Various silicon nanoparticle functionalization methods were explored in this study in an 

attempt to covalently link MUC1-directed antibodies to the particle surface. Western 

blotting against a MUC1-expressing human colon cancer cell (HT29-MTX-E12) lysate 

with the hyperpolarized and not hyperpolarized MUC1 ectodomain directed antibody, 

214D4, demonstrated that the hyperpolarization procedure did not compromise antibody 

reactivity. Immunostaining of the intact human colon HT29-MTX-E12 cells, with 214D4 

further confirmed cell surface localization of MUC1 ectodomain.  

 

To investigate the success of the SiNP functionalization process, in vitro cell binding 

assays were performed, wherein 214D4-functionalized SiNPs were incubated with 

MUC1-expressing HT29-MTX-E12 cells, and a non-MUC1 expressing negative control 

cells line HS-5, and subsequently were imaged by confocal microscopy. My results 

demonstrated challenges including particle aggregation and non-specific binding in the 
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presence of cells. The methods used for fluorophore conjugation for fluorescence-based 

imaging and reflectance mode imaging on cells were both not sensitive enough to detect 

localization of SiNPs on cells.  I speculate that the emitted light from the fluorophore is 

largely absorbed by the SiNP, which therefore minimizes the fluorophore signal. To 

detect SiNPs by confocal microscopy more sensitively, longer PEG linkers may be used 

to increase distance between SiNP and fluorophores.  

 

Finally, colon tissue sections from MUC1 transgenic mouse models were immunostained 

with MUC1 ectodomain-directed antibodies in an attempt to identify one or more 

antibodies with robust binding specifically to MUC1 expressed on tumor cell surface. 

However, the results indicated heterogeneity in MUC1 expression between MUC1 

transgenic individuals. All MUC1 transgenic mouse colon sections reacted with antibody 

against the MUC1 cytoplasmic tail (CT-1) as well as 214D4 antibody against MUC1 

ectodomain. However, the level of MUC1 expression in these stained section from 

different mice show marked variability.  Moreover, the one immunostained colon tumor 

reacted with antibody against the MUC1 cytoplasmic tail (CT-1) only, and not with any 

of the antibodies against the MUC1 ectodomain. Further immunostaining on additional 

mouse colon tissue sections with additional MUC1 ectodomain antibodies should be 

performed to identify an antibody with more robust reactivity.   

 
The sections below will provide more discussion on future work on this project.  
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6.1. Silicon Nanoparticle Functionalization 

 
The silicon nanoparticle functionalization in this study has been adapted from standard 

methods used to functionalize silicon dioxide (SiO2). As the surface of both silicon and 

silicon dioxide both contain surface hydroxyl groups, the surface coupling mechanism of 

silanes is expected to be very similar. However, functionalizing nanosized silicon 

particles for the purpose of antibody conjugation and in vivo applications to detect tumor 

is novel. Therefore, there are many points in this functionalization process that can be 

further optimized. 

 
6.1.1 SiNP Silanization 

 
Firstly, surface silanization using either APTES or APDMES should be thoroughly tested. 

While APTES functionalization method of aqueous deposition is more time-efficient, the 

three hydrolyzable groups of APTES, along with the percentage of water in aqueous 

reaction solution contribute to disordered APTES aggregation and polymerization around 

SiNP, forming multilayer shell. A 0.25% APTES solution may contribute to three to five 

layer APTES accumulation on Si surface (Hermanson, 2013f). This could potentially 

affect the hyperpolarization of functionalized SiNP. APDMES with only one 

hydrolyzable group is more hydrolytically stable, and in theory form a closer to ideal 

silane monolayer on silicon surface. However, factors such as temperature, amount of 

water, and duration of silanization process all may contribute to the thickness and 

roughness of silane deposition. In general, increased in the reaction time and trace 

amounts of water during the reaction increases the thickness of deposited silane layer. 

Yet, these surface grafted silanes also could detach through amine-catalyzed hydrolysis in 
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the presence of water (Aissaoui et al., 2012; Delak and Sahai, 2006; Smith and Chen, 

2008). The exact percentage of silane loss upon water exposure has not been thoroughly 

tested on these SiNPs. However, a study with APTES- and APDMES-functionalized 

silicon wafers has shown that silicon wafers reacted with APTES in 70 °C anhydrous 

toluene lose nearly all of their silane thickness originally deposited on the silicon wafer 

within one hour exposure to 40 °C water. Strikingly, APDMES-functionalized silicon 

wafers prepared in 70 °C toluene retains around 50% of their silane thickness even after 

48 hours of exposure to 40 °C water (Smith and Chen, 2008). The results of this study 

have direct implications on the efficacy and ensuing silanized SiNP PEGylation and 

antibody functionalization. The loss of surface deposited silanes on SiNPs would 

consequentially decrease amount of surface PEG and antibody attachment. This would 

thus complicate the estimation of maximum antibody packing on one SiNP.  

 

One way to minimize the loss of surface silane on SiNPs is to increase alkyl chain length 

of the silanec oupling agent; however, this also would lower reactivity of silane coupling 

reactions. For this study, all dried silanized particles were stored in air-tight Eppendorf 

tubes under argon gas. When used, these particles do not stay in aqueous buffer for long 

before PEG is added. In order to minimize amine-catalyzed hydrolysis, silanized 

nanoparticles were immediately reacted with PEG upon resuspension in aqueous solution 

(20 mM HEPES) to minimize loss of surface silanes.  In the future, the optimum 

combination of variables of silane concentration, method, time and temperature of 

deposition should be thoroughly tested, in order to make functionalized particles of 

uniform MUC1-targeting ability in in vitro and in vivo studies.  
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6.1.2 SiNP PEGylation 

 
As mentioned in Section 3.7, addition of PEG to nanoparticles has historically been done 

to provide flexibility to the attached moiety, as well as to increase particle hydrophilicity 

and decrease immunogenicity. However, as one of my main objectives was to 

functionalize MUC1-targeting SiNPs in a way that also enabled sufficient 

hyperpolarization, there are a number of variables that can be tested to optimize the 

process. 

 

Combinations of short and long PEG linkers can be used at different ratios to generate 

particles that are less prone to aggregation. The SiNP with short PEG with unreactive 

ends can be interspersed with longer PEG-maleimide linkers that link to the target 

antibody. A common combination is around 10% long PEG with terminal functional 

groups with 90% short PEG (Hermanson, 2013c). This could still provide a hydrophilic 

character to SiNPs while decreasing the chance of non-specific interaction with 

environment, as well as decreasing available locations for antibody binding. The current 

5 mg/mL concentration of NHS-PEG-maleimide used may provide more available 

maleimide groups than antibodies. In this case, multiple PEGs with unreacted maleimide 

groups would simultaneously interact with one antibody, contributing to disordered and 

potentially cross-linked SiNP aggregates that even subsequent cysteine treatment will not 

alleviate.  

 

PEG is used to make the particles more hydrophilic, a desired characteristic for 

nanoparticles that are going to be introduced to tissues. The immediate plan is to inject 
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these particles into the colonic lumen, not systemically. It should be determined, whether 

PEGylation is necessary. The current method of hyperpolarization is by dynamic nuclear 

polarization. If there is one less layer of material coverage around the SiNP, this is 

expected to provide a better signal following the hyperpolarization procedure.  

 

6.1.3. Antibody functionalization and SiNP size control 

 
The commercially available antibody used in this work, 2014D4, is costly. It is essential 

to investigate the minimum amount of antibody needed to maintain the targeting 

efficiency of SiNPs. One of the unique aspects of developing this SiNP-based method to 

detect early stage colonic tumors takes advantage of the emergence of tumor-associated 

MUC1 glycoforms.  The large 200-500 nm MUC1 ectodomain presents multiple tumor-

associated glycan structures along its highly extended tandem repeat region. Thus a 

single MUC1 ectodomain in theory can present multiple sites of hyperpolarized SiNP 

engagement, which would collectively increase MR signal and enhance tumor detection. 

However, the SiNPs used in this study do not seem to conform to the expected 70 nm 

particle size as advertised by the supplier. At low concentrations (0.0056 to 0.01 mg 

SiNPs/mL water), particle size measured by DLS zetasizer ranged from 220 nm to 274 

nm (Figure 17, Table 1). With increasing particle concentration, the particle size 

increases, indicating that aggregation is occurring. During the functionalization steps, it is 

impractical to dilute to up 20 mg of particles to 0.01 mg/mL concentrations. Therefore, 

under my typical preparation conditions, much larger aggregates formed during this 

process.  The formation of large and possibly highly heterogeneously sized SiNP 

aggregates is likely to be problematic, since these may become physically trapped and 
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difficult to remove during washing steps. It also is possible that these larger aggregates 

may not remain attached to the cell surfaces due to shear or even gravitational forces.  

Once optimal silanization and PEGylation conditions are established, the SiNP sizes must 

also be consistent before an estimation of maximum antibody packing can be made.  

 
When PEGylated particles (probe sonicated before imaging) are observed under the 

confocal microscope using a 60X oil objective, some aggregates as large as 5 µm form 

(Figure 16). While the smallest particles would be unseen at this magnification, this 

nonetheless raises concern regarding the percentage of particles that aggregate during 

functionalization process. As mentioned above, large microsized aggregates may not 

engage and maintain attachment to MUC1 as efficiently as nanoparticles, a concern 

observed using 2 µm SiPs in cell binding assays (Figure 18-23). Therefore, more needs 

to be done to prevent particle aggregation. Not only can bare particles form aggregates 

before silanization, silanized particles actually tend to form the largest aggregates 

following the overnight drying process on a watch glass. If a method of particle filtration 

or size selection can be developed following vortex and probe sonication of particles, the 

overall size of the nanoparticles could be better controlled to select for smaller sizes. 

 
6.2. Improving cell imaging platform and cell binding assays 

 
Immunostaining of HT29-MTX-E12 cells and western blotting with the 214D4 antibody 

of HT29-MTX-E12 cell lysate confirmed that 214D4 is a promising candidate antibody 

against this MUC1-expressing colon cancer cell line (Figures 7-8). In contrast, use of 

MUC1-directed DNA aptamers on HT29-MTX-E12 and MFC7 cells did not demonstrate 

binding (Figure 8). This may be due a to low affinity of DNA aptamer binding to the 
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particular the MUC1 glycoforms expressed by these cell lines, illustrating the limited 

usefulness of this approach.  

 
The SiNP cell binding assay shown in Section 4.2 indicates that particle aggregates bind 

to MUC1-expressing HT29-MTX-E12 cells at MUC1:SiNP ratios below 183 µg 214D4 

per mg SiNP (Figure 25). Interestingly, no particle aggregates were observed on cells 

(HT29-MTX-E12 and HS-5) treated SiNPs conjugated with 366 µg 214D4/mg SiNP. The 

HT29-MTX-E12 cells treated with 366 µg 214D4/ mg SiNP appear to have a red haze 

over cell bodies, in contrast to that of HS-5 cells. It was hypothesized that these particles 

were saturated with surface antibody, and therefore particle crosslinking and consequent 

aggregation may have been minimized. More work should be done to determine if this is 

the case if these higher antibody-to-SiNP ratios provide particles of more consistent and 

desired sizes.  

 
A repeat of the same experiment (Section 4.3) with the addition of 3% cysteine treatment 

and 0.1% BSA incubation appeared to minimize particle aggregation. However, no 

significant trend in particle engagement with HT29-MTX-E12 cells was observed at any 

concentration of 214D4-to-particle ratio (Figure 27-33). Moreover, the PEGylated and 

control IgG-functionalized particles on these cells provide similar binding patterns 

compared to that of 214D4-functionalized particles, suggesting there is a consistent non-

specific binding (Figure 27-33). It is worth noting however, that there were less large 

particle aggregates detected on the MUC1-negative cell line, HS-5. It is possible that 

particles aggregate around the shed MUC1 ectodomain of HT29-MTX-E12 cells from 
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possible sheddase activities, which have adhered to the bottom of cell culture wells (Nath 

and Mukherjee, 2014).   

 
To minimize background binding and aggregation of SiNPs in cell binding assay, mouse 

monoclonal control IgG-functionalized SiNPs (300 µg/mL) were incubated with HT29-

MTX-E12 and MUC1 knockout HEC50 cells in serum-free medium supplemented with 

various concentrations of BSA and or FBS (Section 4.4, Figures 34-49). However, the 

particle binding patterns remained comparable with that seen without these additions 

(Figures 27-33), with no condition significantly decreasing particle aggregation. Imaging 

of the cells without particles in Section 4.5 revealed a red haze across cell colonies 

through reflectance mode imaging. This may be due to the presence of metal ions in cells 

(Dean et al., 2012).  

 

In conclusion, the reflectance mode is not the ideal method of imaging SiNPs, and neither 

is the current approach of fluorescence imaging. Reflectance mode imaging is highly 

sensitive, and will not allow for detailed imaging across the z-axis. Although I was 

successful in functionalizing SiNPs with amine-reactive fluorophores (Figures 15 and 

16C), I did not observe fluorescent signal above background levels with SiNPs in the cell 

binding assays discussed above. This could be due to the optical properties of silicon, 

wherein the SiNPs absorb lights across the spectrum and may partially quench the signal. 

Nonetheless, the signal is not completely quenched since I was able to detect 

fluorescence of the fluorophore conjugated to SiNPs.  
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A future experiment to would be to add fluorophore-tagged streptavidin conjugated to 

antibodies to biotinylated SiNPs following particle incubation and washing step for 

imaging. Increasing the distance of the fluorophore from the SiNP surface may avoid 

potential quenching and better present the antibody binding sites to the cell surface.   

 
6.3.Mouse model for in vivo studies  

 
A goal of this study was to generate SiNPs for in vivo applications. Experiments using 

214D4-functionalized SiNPs in a mouse model remain as critical experiments. Ongoing 

efforts have been made to generate human MUC1-expressing colon tumors in mouse 

models. As described in Section 2.2, GFP- and luciferase-expressing human colon cancer 

cells were generated for the purpose of transplantation into the mouse colon (Figure 6). 

However, our collaborators have been unsuccessful in getting these cells attached to the 

colon surface. Subsequently, a human transgenic MUC1 hemizygous, Apc
min/+ mouse 

was greated and then treated with the inflammatory agent, dextran sodium sulfate (DSS), 

to successfully generate colonic tumors (MD Anderson Cancer Center; David Menter 

Group). While the MUC1 cytoplasmic tail immunostaining by CT-1 antibody 

demonstrated MUC1 expression throughout the tumor, staining with the MUC1 

ectodomain antibodies 214D4, SM3, HMFG1, and MHFG2 either did not or poorly 

stained the same tumor. The results indicate that other MUC1 ectodomain antibodies 

should be tested to identify which better react in this mouse model. A variety of such 

antibodies are available (Norum et al., 1998) and ones that strongly react should be used 

in further experiments of SiNP targeting in this system.  
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To test these antibodies, colon tumor cross sections from the mouse models should be 

immunostained with a wider selection of MUC1 antibodies. Antibody candidates for the 

next round of screening should include KL-6, Ma695, GP1.4, C595, and VU4H5 since 

these have been used in previous studies of MUC1 expression in human colon cancer 

(Cascio and Finn, 2015a; Norum et al., 1998; Zeng et al., 2015).  

 
6.4. Final Thoughts 

 
This goal of this project has been to develop a sensitive, less invasive method of detecting 

early colonic tumors based on ectopic expression of MUC1 by these tumors. There 

remain several obstacles to overcome before we will be able to determine the utility of 

this method. The unique attributes of this novel technology rely on the MRI-based 

detection of hyperpolarized MUC1 antibody-functionalized SiNPs to engage with 

MUC1-expressing tumor surface.  

 
A complication is that cancers are typically heterogeneous. There are some patients that 

do not display ectopic MUC1 expression. A range of 49.5% to 92.7% of CRC patient 

samples was positive for MUC1 expression when detected with KL-6 antibody across 

different clinical studies (Zeng et al., 2015).  In the majority of patients that do 

ectopically express MUC1, we expect inter- and intratumoral differences in terms of both 

overall MUC1 expression as well as glycoform expression. Both of these factors will 

impact MUC1 antibody-targeted SiNP binding, since all MUC1 ectodomain antibodies 

recognize particular MUC1 glycoforms. In addition to MUC1, there are other candidate 

surface markers that are overexpressed in colon cancer (Langan et al., 2013). Therefore, 
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to develop a comprehensive nanoparticle-based detection technology, a cocktail of 

antibody-functionalized particles that target a variety of cell surface proteins and 

glycoproteins present in early stages of colon cancer, should be developed.  

 

Additionally, the luminal surface of the colon normally is very mucinous, albeit with 

mucin glycoproteins other than MUC1. It is possible that SiNPs will stick to healthy 

areas of colon through non-specific binding to adherent mucins, or even dislodge in the 

crypts of the colon. While silicon is a very inert element, and has not been shown to be 

toxic, no study has been done on determine the consequences of prolonged exposure to 

silicon nanoparticles. Human silicon metabolism has been somewhat delineated, but not 

that of silicon nanoparticles (Jugdaohsigh, 2007). More in vivo and in vitro studies on 

how SiNP would potentially impact cell biology –especially in the case of non-specific 

engagement with cell—should also be investigated. Still, the transient nature of exposure 

to SiNPs that would be involved in the ultimate application of this imaging technology 

seems unlikely to be harmful. 

 

Another challenge is on the topic of scaling. Currently for a mouse study, 20 mg of 

hyperpolarized SiNPs are required as the minimal amount of SiNPs to provide sufficient 

signal for MR imaging (MD Anderson Cancer Center; Dr. Pratip Bhattacharya Group). If 

this cannot be made significantly more sensitive, grams of SiNPs would be needed for 

humans. Only 29SiNP can be successfully hyperpolarized, but its natural abundance is 

only 4.6%. If 10 g of SiNPs are injected into human colon, only 0.46g would contribute 

to MR signal. Moreover, it is to be expected that not 100% of the 0.46 g of particles will 
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provide 100% the MR signal compared to that of bare particles, and not all of these 

particles will be adherent to the targeted MUC1-expressing tumors. In other words, only 

a small fraction of SiNPs introduced into the human colon will serve its purpose as 

tumor-targeting image contrast agent for detection. Therefore, it would be of great 

interest to this project to explore possibilities of obtaining more concentrated 29Si 

isotopes.  Using SiNPs with higher relative levels of 29Si means that fewer SiNPs (and 

antibody) would be needed to generate equivalent MR signal. More importantly, future in 

vivo binding assays in mouse models should be performed to explore the question ‘how 

much is enough’ in terms of the minimal amount of hyperpolarized SiNPs needed to 

provide enough MR signals for detection. Finally, efficient methods of particle delivery 

and colon wash need to be developed in order to make this a useful detection method. 
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