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Abstract 

 
Colorectal cancer is categorized as the third most commonly diagnosed cancer and the second 

main reason for cancer death in the United States. The conventional treatments of colorectal cancer 

like surgery, chemotherapy and radiotherapy are hampered by recurrence, off target toxicity and 

tumor size respectively. Nanoparticles as targeted drug delivery carriers provide an alternative 

approach for the colon cancer treatment. Nanoparticle surface is modified with targeting ligands 

which recognize and bind to overexpressed specific biomarkers on cancer cells to deliver 

chemotherapeutic drug and imaging agent to the cancer cells. However, for efficient cancer 

targeting, the targeted receptors should be exclusively overexpressed by the cancer cells. Apart 

from the cell surface receptor, cancer targeting efficiency also depends on the targeting ligand’s 

density, binding affinity and selectivity towards the targeted receptor. The targeting ligand should 

have high specificity and binding affinity towards the targeted receptor which will strengthen their 

interaction. According to literature, another way to increase the cancer cell targeting efficiency is 

to conjugate dual targeting ligands on the nanoparticle surface. While single targeted nanoparticles 

target only one type of cancer cell surface receptor, dual targeted nanoparticles simultaneously 

target two different types of cancer cell surface receptors which enhances targeting. So, the main 

objective of this project is to study the impact of nanoparticle dual ligand density on targeting of 

cells with different biomarker expression.  

In this work, we have developed Silica nanoparticle conjugated with Hyaluronic Acid and Folic 

Acid to target colon cancer specific CD44 and Folate receptors respectively. We have synthesized 

the targeted nanoparticles using reverse micro-emulsion method along with EDC-NHS chemistry. 

The size of the particles characterized by Dynamic Light Scattering were in the range of 150-

275nm with moderate dispersity. The morphology of the nanoparticles characterized by 

Transmission Electron Microscope showed their smooth spherical shape. Results from UV-Vis 

Spectrophotometer showed that Hyaluronic and Folic Acid conjugation on nanoparticle surface 

increased with their increasing concentration in the reaction system. The targeted nanoparticles 

showed >= 70% mammalian cell viability within the concentration and time range tested which 

proves them to be safe material based on literature. Based on our Flow Cytometry results, we have 
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used SW480 cell line as cell positive for both receptors, WI38 cell line as cell positive for CD44 

receptor and Caco2 cell line as cell positive for folate receptor. Throughout the cellular uptake 

study we observed that increase in FA conjugation didn’t have a significant impact on nanoparticle 

uptake increase at F:A≤7 and the highest cellular uptake was achieved at F:A=9 for FR positive 

cells which is the highest examined molar ratio. On the other hand, increase in HA conjugation 

significantly impacted the nanoparticle uptake. For CD44 positive cells, the cellular uptake 

increased with increasing HA conjugation but started declining beyond a certain point. So we 

concluded that the optimum H:A molar ratio for targeted nanoparticles was 0.5-0.75. Since the HA 

was longer than FA in length, it may have extended itself from the nanoparticle surface and became 

more accessible to the receptors. Results from the targeting studies demonstrated tremendous 

potential of the targeted nanoparticles as a promising candidate for theranostic approach.  
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Chapter 1: Introduction 

Colorectal cancer is categorized as the third most commonly diagnosed cancer and the second 

main reason for cancer death in the United States. Every year around 150,000 new cases of 

colorectal cancer and around 50,000 deaths due to it are recorded in the United States. The 

American Cancer Society estimates 151,030 new cases of colorectal cancer and 52,580 colorectal 

cancer related deaths during 2022 [1]. The 5-year survival rate for colorectal cancer depends on 

the cancer stage. It is about 90% for patients diagnosed with localized stage cancer and about 10% 

for patients diagnosed with metastatic cancer [2]. Colorectal cancer can start in the colon or rectal 

and can be named colon cancer or rectal cancer, based on their starting point. In my research work 

I am focusing on colon cancer. Colon cancer starts as a polyp in the inner layer of the colon [3] 

and develops slowly into cancer in 10 to 20 years of timespan [4].  

The conventional treatment of colon cancer includes surgery, chemotherapy, radiotherapy and 

targeted therapy [2]. A combination of two or more treatment modalities is often suggested based 

on the cancer stage in order to achieve the best outcome. Surgery is the major treatment for patients 

with early stage colon cancer which removes the tumor along with some surrounding healthy tissue 

and adjacent lymph nodes [4]. But, surgery is challenging for metastatic colon cancer patients due 

to the spread of cancer in other body parts. Also, cancer recurrence after surgery can even cause 

death to patients [5]. Chemotherapy is the main therapeutic approach to colon cancer which kills 

fast growing cancer cells with different drugs or drug combinations. However, chemotherapeutic 

drugs cannot differentiate between cancer and normal cells. As a result, chemotherapy causes 

toxicity to normal cells and subsequent unwanted side effects by delivering drugs at the non-

specific sites. Also, due to the non-specificity of chemotherapy, an insufficient amount of drug 

reaches the target site [6]. Targeted therapy is more specific in its activity which targets specific 

molecules expressed on the colon cancer cells but not the normal cells.  These specific molecules 

are associated with colon cancer growth and targeted therapy works by blocking the growth and 

spread of the colon cancer cells. Also, targeted therapy can be applied to metastatic colon cancer 

patients. However, cancer cells can become resistant to targeted therapy. Resistance occurs when 

the targeted molecule itself undergoes alteration so that the targeted therapy does not attach to it 

or when the cancer cells follow an alternative pathway of growth independent of that targeted 

molecule [7].  
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Currently, there are two main targets for colon cancer: Vascular Endothelial Growth Factor 

(VEGF) protein and Epidermal Growth Factor Receptor (EGFR) protein. VEGF protein 

contributes to the formation of new blood vessel via a process called ‘angiogenesis’ to receive 

nutrients necessary for colon cancer growth. Anti-VEGF antibodies (Bevacizumab, Ramucirumab, 

Ziv-aflibercept) and anti-EGFR antibodies (Cetuximab, Panitumumab) are targeted therapies used 

to disrupt the colon cancer cell growth by binding to VEGF and EGFR proteins, respectively [4, 

8]. These two targeted therapies are currently used for patients with stage IV metastatic colon 

cancer. Despite great promises, targeted therapy of colon cancer has not had any considerable 

impact on patient outcomes as there is no significant decline in the annual number of colon cancer 

related deaths in the United States.  

Nanoparticles as targeted drug delivery carriers provide an alternative approach for the targeted 

treatment of colon cancer. Nanoparticles have received significant attention as targeted drug 

delivery carriers due to their biocompatibility, biodegradability, large surface area to volume ratio, 

prolonged circulation times, ability to carry a large amount of chemotherapeutic drug and easy 

surface functionalization [5, 9, 10]. The small sized nanoparticles provide a large surface area to 

volume ratio favorable for attaching multiple targeting ligands leading to enhanced targeting of 

cancer cells [11]. Ligand conjugated targeted nanoparticles can recognize and bind to 

overexpressed specific biomarkers on cancer cells [5, 8, 12, 13] and deliver chemotherapeutic drug 

to the cancer cells. This specific targeting increases the concentration of the cytotoxic drug at the 

cancer site and reduces non-specific toxicity [9, 10, 14]. Also, nanoencapsulation provides 

prolonged circulation time to the drug [15] by protecting it from degradation and clearance from 

the body [7, 12]. Targeted nanoparticles can also deliver the imaging agent to the cancer cells. 

However, multiple receptors targeting is necessary because of the heterogeneous nature of the 

cancer cell [16] and expression of some targeted receptors on normal cells [17]. Dual ligands are 

often conjugated on the nanoparticle surface to increase cancer cellular uptake. While single 

targeted nanoparticles target only one type of cell surface receptor, dual targeted nanoparticles 

simultaneously target two different types of cell surface receptors which enhances the targeting 

potency of the nanoparticles. 

Several articles have reported the increase in cancer cellular uptake as a function of single ligand 

density. It has also been presented that dual targeted nanoparticles increase cancer cellular uptake 
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compared to single targeted nanoparticles. However, the effect of dual ligand density and its 

optimization on cellular targeting with variable biomarker expression have not been addressed. So, 

the goal of this project is to study the impact of nanoparticle dual ligand density on targeting of 

cells with different biomarker expression. To achieve this goal we have developed silica 

nanoparticles conjugated with hyaluronic acid and folic acid to target colon cancer specific CD44 

and folate receptors respectively. To the best of our knowledge there is no report of targeting colon 

cancer cells with this dual targeted model system. Both CD44 and folate receptors have emerged 

as potential targets to treat colon cancer because of their overexpression by colon cancer cells 

compared to normal cells [18-21]. Hyaluronic acid and folic acid are attractive targeting ligands 

specific to CD44 and folate receptors respectively [22, 23]. We have hypothesized that, CD44 and 

folate dual receptor targeting of colon cancer cells will increase the cancer cellular uptake of 

nanoparticles as a function of surface ligand density. In addition to that, dual receptor targeted 

nanoparticles will internalize more nanoparticles into the cancer cells compared to the single 

receptor targeted nanoparticles by simultaneously binding to two different colon cancer cell 

surface receptors. So, the nanoparticle formulations will combine the benefits of dual targeting and 

enhanced ligand coverage.  

 
Figure 1 – Schematic representation of the novel dual targeted nanoparticle. Adapted with 

permission from Lee, J.-Y., et al. [24] 
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Chapter 2 reviews the background knowledge of cancer targeting strategies of nanoparticles, 

nanoparticle-cell interaction and ligand-receptor interaction. In chapter 3, we have discussed the 

synthesis and characterization of hyaluronic and folic acid conjugated dual targeted silica 

nanoparticles. In chapter 4, we have discussed the cytotoxic activity of targeted silica 

nanoparticles. In chapter 5, we have studied the receptor expression of different mammalian cell 

lines. In chapter 6, we have discussed the IHC staining on Neuroendocrine tumor. In chapter 7, we 

have explored the cellular targeting of targeted silica nanoparticles. Finally, Chapter 8 gives us an 

idea about the future direction of this project followed by Chapter 9, which is the summary of the 

entire project.  

 

 
 

Figure 2 – Schematic representation of various topics discussed in this project. Some of the 

pictures are taken from BioRender and adapted from Xi, Li., et al. [25] 
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Chapter 2: Background 

 

2.1 Cancer Targeting Strategies of Nanoparticles  

For successful cancer treatment, therapeutic drug loaded nanoparticles must present at the cancer 

site which can take place by active or passive targeting. In active targeting, nanoparticles take 

advantage of the ligand-receptor interaction which leads to the receptor mediated uptake of the 

nanoparticles by the cancer cells. In passive targeting, nanoparticles accumulate at the cancer site 

due to the pathophysiological characteristics of the cancer cells [11].   

2.1.1 Passive Targeting 

Cancer cells have a faster proliferation rate than normal cells which is related to an increased rate 

of metabolism. This increased metabolic rate requires more nutrients and oxygen supply [26]. 

Cancer cells recruit the rapid formation of new blood vessels for the supply of these nutrients and 

oxygen [27] by a process called ‘angiogenesis’ (or neovascularization) [28]. This rapid 

angiogenesis results in a disrupted permeable leaky vasculature [29] which permits the 

nanoparticles to localize at the cancer site [30]. Additionally, cancerous tissues possess a poor 

lymphatic drainage system which allows longer retention time to the nanoparticles within the 

cancer site by resisting them from returning to the circulation [31]. Combination of leaky 

vasculature and poor lymphatic drainage causes Enhanced Permeability and Retention (EPR) 

effect [28] which is the major technique of passive targeting and subsequent nanoparticle 

accumulation at the cancer site [30]. However, passive targeting faces several challenges. For 

example, many drugs need to internalize into the cancer cells for effective treatment. In such a 

case, accumulation of drugs at the cancer site may not provide the expected therapeutic outcome 

[32]. Additionally, passive targeting is not effective for low molecular weight drugs as these drugs 

diffuse quickly into the blood circulation due to their lightweight. As a result, for low molecular 

weight drugs, accumulation at the cancer site is not possible for a longer time [31]. Also, degree 

of vascularization depends on cancer type. So passive targeting is not feasible for all types of 

cancer [33, 34]. These challenges of passive targeting can be overcome by attaching a targeting 

ligand on the nanoparticle surface [30].  
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2.1.2 Active Targeting 

Active targeting of a specific cancer cell is achieved by attaching a targeting ligand on the 

nanoparticle surface that recognizes and binds to a specific receptor overexpressed on that cancer 

cell through receptor-ligand interaction [35]. This interaction leads to the receptor mediated 

endocytosis that causes cancer cellular uptake of nanoparticles [36, 37]. Thus, active targeting does 

not accumulate nanoparticles at the cancer site but it causes nanoparticle internalization into the 

specific cell [37]. This specific targeting also increases the intracellular drug concentration and 

reduces non-specific toxicity [9, 10, 14]. However, for efficient active targeting, targeted receptors 

should be exclusively overexpressed by the cancer cells but not the normal cells and this expression 

should be homogeneous on all the targeted cancer cells [9, 26, 31]. Multiple receptors targeting is 

also  necessary because of the heterogeneous nature of the cancer cell [16] and expression of some 

targeted receptors on normal cells [17]. Apart from the cell surface receptor, active targeting 

efficiency also depends on the targeting ligand type, its size, density, binding affinity and 

selectivity towards targeted receptor [26, 38]. The targeting ligand should have high specificity 

and binding affinity towards the targeted receptor. It should also possess low immunogenicity. 

Low binding affinity of a ligand to its receptor may result in a reduced targeting efficiency [29].  

In such a case, multivalent binding can help to improve the targeting efficiency which results in 

multiple ligand-receptor bond pairs [38]. Also, for enhancing ligand coverage and effective 

cellular targeting, adjusting the surface ligand density is essential [22]. However, increased ligand 

density and multivalency can promote protein adsorption on the nanoparticle surface which can 

lead to non-specific uptake by Reticuloendothelial System, thereby, reducing the targeting ability 

of the nanoparticle [26, 38]. In such a case, nanoparticles are covered with a hydrophilic coating 

like PEG to prevent protein adsorption.  
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Figure 3 – Schematic representation of active and passive targeting. Reprinted from an 

open source article by Jahan, S.T., et al. [26] 

2.2  Nanoparticles and Cell Interaction   

A nanoparticle needs to pass the cell membrane in order to enter into a cell. The cell membrane 

protects the intracellular components by separating them from the extracellular environment and 

selectively controls the passage of ions, nutrients and small molecules to and from the cell [39, 

40]. The cell membrane consists of a phospholipid bilayer of hydrophilic head (negatively charged 

phosphate group) and hydrophobic tail (carbon chain) [41]. This phospholipid bilayer makes the 

cell membrane an efficient selective boundary because its amphiphilic property is required for the 

entrance of a variety of small biomolecules into the cell [42]. The phospholipid bilayer contains 

proteins, cholesterol and lipopolysaccharides [43, 44] which help the cell to respond to the 

extracellular environment and communicate with other cells [45]. The selectively permeable cell 

membrane allows only specific molecules to diffuse across the membrane. Smaller and non-polar 

molecules like oxygen and carbon di-oxide easily diffuse through the membrane by Fickian 
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diffusion whereas large and polar molecules like ions are carried across the membrane through 

membrane transport channel proteins. Large nanoparticles, macromolecules and molecular 

assemblies travel into and out of the cell via endocytosis and exocytosis [46, 47]. Endocytosis 

depends on the receptor mediated interactions like clathrin or caveolin mediated endocytosis [48]. 

However, nanoparticles can cross the cell membrane via endocytosis without the receptor mediated 

interactions which involves deformation of the cell membrane due to nanoparticle adhesion on its 

surface causing full nanoparticle wrapping and subsequent uptake [45]. Another way to cross the 

cell membrane is to penetrate it without vesicle formation [49]. Cell penetrating peptides can 

provide this direct internalization of nanoparticles [50]. Other approaches to transport 

nanoparticles into the cells include the ‘sponge effect’ mechanism [51], direct microinjection [52] 

and use of electroporation [53].  

 

Figure 4 – Schematic representation of different approaches of nanoparticle-cell 

interaction. Reprinted with permission from Behzadi, S., et al. [42] 

2.2.1 Endocytosis  

Endocytosis of nanoparticles is a dynamic process [54] which occurs when the cell membrane 

engulfs the nanoparticle by fully wrapping it up. The wrapped particle is known as ‘vesicle’. 

Nanoparticles enter the cells by different endocytic mechanisms such as phagocytosis, pinocytosis, 

clathrin or receptor-mediated endocytosis and clathrin or caveolae independent endocytosis [55]. 
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Nanoparticles may localize in endosomes, lysosomes, cytoplasm, mitochondria or the nucleus, 

after entering into the cells, based on the nature of the nanoparticle.  

2.2.1.1 Phagocytosis 

Phagocytosis (cell eating) is a type of endocytosis that occurs when opsonins such as 

immunoglobins, proteins or other blood components get adsorbed on the nanoparticle surface, a 

phenomenon known as ‘opsonization’ [56]. Phagocytic cells of the Reticuloendothelial System 

(RES) such as macrophages then recognize and bind to the opsonized nanoparticles via receptor 

mediated interaction which leads to the internalization of the nanoparticles forming ‘phagosome’ 

[57]. Fc receptors, complement receptors, fructose receptors and scavenger receptors are some of 

the receptors that take part in phagocytosis. This non-specific uptake of opsonized nanoparticles 

by the Reticuloendothelial System (RES) or the Mononuclear Phagocyte System (MPS) removes 

them from the blood circulation and accumulates them in the liver or spleen from where the 

nanoparticles are quickly evacuated from the body [42]. Nanoparticles’ physicochemical 

properties like size, shape and surface properties affect phagocytosis [57]. For example, larger 

nanoparticles, typically micron sized particles are more susceptible to phagocytosis. In a study, 

Schafer et al. reported higher phagocytic uptake of radio labelled albumin nanoparticles in the size 

range of 200-1500nm by human mononuclear cells [58]. In another study, Tabata et al. reported 

higher phagocytic uptake of polystyrene nanoparticles in the size range of 1000-2000nm by mouse 

peritoneal macrophages compared to smaller nanoparticles (<1000nm) [59]. Surface modification 

of nanoparticles with hydrophilic Polyethylene Glycol (PEG) can avoid opsonization and 

subsequent non-specific cellular uptake of the nanoparticles. PEG acts as a sterically shielding 

polymer that avoids opsonization by preventing protein adsorption [60].  
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Figure 5 – Schematic representation of opsonization process. Reprinted with permission 

from Behzadi, S., et al.  [42] 

2.2.1.2 Pinocytosis 

Pinocytosis (cell drinking) is of two types: Micropinocytosis and Macropinocytosis. 

Micropinocytosis takes place in the majority of the body cells. It includes small vesicle (0.1 

micrometers in diameter) formation called ‘caveolae’ by budding from the cell membrane. It is 

caused by ‘caveolin’, a dimeric protein that binds to cholesterol. Micropinocytosis typically takes 

place in the white blood cells. It includes large vesicle (0.5 to 5 micrometers in diameter) formation 

by plasma membrane ruffles. Ruffles are elongated parts of the membrane that take up the 

extracellular fluid to form a vesicle and pull the vesicle into the cell.  
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Figure 6 – Schematic representation of caveolae mediated endocytosis. Reprinted with 

permission from Behzadi, S., et al.  [42] 

 

 

Figure 7 – Schematic representation of micropinocytosis. Reprinted with permission from 

Behzadi, S., et al.  [42] 



 26 

2.2.1.3 Receptor Mediated Endocytosis 

In receptor mediated endocytosis, ligands conjugated on the nanoparticle surface recognize and 

bind to specific receptors on the cell membrane. The ligand- receptor conjugate moves along the 

membrane and localizes in a region called ‘clathrin coated pit’ which is covered by the protein 

‘clathrin’. After the localization, ‘clathrin coated pit’ region is internalized by endocytosis forming 

a clathrin coated vesicle. This vesicle contains the ligand-receptor conjugate and the extracellular 

fluid. The clathrin coating is removed from the vesicle and it combines with an early endosome in 

the cytoplasm. The desired contents are delivered into the cell and the receptor recycles back to 

the cell membrane in a recycling endosome.  

 

Figure 8 – Schematic representation of receptor mediated endocytosis. Reprinted with 

permission from Behzadi, S., et al.  [42] 

2.2.2 Factors Affecting Nanoparticle-Cell Interaction 

Cellular internalization mechanism of nanoparticles helps to understand their biological fate which 

is of great importance in the field of nanomedicine [61]. However, this nanoparticle-cell interaction 

mechanism is a complicated process because a lot of factors (including physicochemical and 

biological) affect it [45]. Figure 8 shows these factors and the three interacting components.  
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Figure 9 – Factors affecting nanoparticle-cell interaction. Reprinted from an open source 

article by Contini, C., et al. [45] 

2.2.2.1 Biological Factors 

Biological factors mainly include cell type and the protein corona which forms on the nanoparticle 

surface after it is introduced in the biological fluid.   

2.2.2.1.1 Cell Type  

Firstly, different cell types demonstrate different shapes which can produce different cellular 

responses during internalization of the nanoparticles. For example, human erythrocytes possess 

spherical shape whereas ependymal cells possess long, thin shape [62]. Secondly, different cell 

types express different cell surface receptors that affects cellular internalization of the 

nanoparticles. For example, macrophages express scavenger receptors that facilitates non-specific 

uptake of the nanoparticles [42] whereas colon cancer cells express folate receptors that uptakes 

the folate conjugated nanoparticles [19]. Thirdly, different lipid compositions of the cell 

membranes of different cell types may affect their membranes’ physical properties and 

functionality. Finally, different cellular components have different effect on the nanoparticles. For 

example, lysosomes are acidic and make the nanoparticles undergo enzymatic degradation which 

results in a toxic state whereas cytoplasm is nearly neutral [54].  
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2.2.2.1.2 Protein Corona 

Protein corona plays a major role in nanoparticle-cell interaction. When nanoparticles enter the 

blood circulation system, they are immediately surrounded by plasma proteins which form protein 

corona on the nanoparticle surface through a process known as ‘opsonization’ [63]. Proteins with 

high concentration (globular albumins, fibronectin, complement proteins, fibrinogen, 

immunoglobulins, and apolipoproteins) collide rapidly with the nanoparticles [64] and get 

adsorbed on the surface even with low binding affinity. As time passes, these low affinity proteins 

are substituted with high affinity proteins [65]. This protein corona changes the original surface 

properties of the nanoparticles and creates a new ‘biological identity’ of them [42] which can shield 

their receptor recognition and binding properties [49]. Additionally, this new identification of the 

nanoparticles influences their biodistribution and clearance [54] thereby, altering their destination 

in the body [66].    

2.2.2.2 Physicochemical Factors 

Physicochemical properties of the nanoparticle i.e. size, shape, hydrophobicity, surface charge and 

chemistry affect the nanoparticle-cell interaction. 

2.2.2.2.1 Size 

Nanoparticle size plays a major role in cellular internalization [67, 68]. Cellular internalization 

starts when the ligand conjugated nanoparticle binds to the specific cell surface receptor and the 

cell membrane engulfs the particle to form a vesicle via receptor mediated endocytosis [69, 70]. 

The thermodynamic driving force for the receptor mediated endocytosis is the receptor-ligand 

binding energy which results from the bond formation between the receptor and the ligand. This 

binding energy competes against the energy required for membrane bending [71, 72]. Receptor 

mediated endocytosis occurs when the ligand-receptor binding energy surpasses the membrane 

bending energy [73-75]. The minimum density of ligand-receptor conjugate for the nanoparticle 

internalization (ρbond) and the time required for the membrane to fully wrap the nanoparticle (Tw) 

depend on the nanoparticle size (r), receptor diffusivity on the membrane (D), elastic modulus of 

the membrane (k) and ligand-receptor binding energy (Ebind) and can be expressed by the two 

following quantitative equations [49].  
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ρbond,min = !
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   and   Tw = "#
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From the equations, it is evident that it requires less time to engulf the smaller nanoparticles but 

they need higher ligand density to bind to enough receptors to exceed the membrane bending 

energy due to their higher curvature. On the other hand, larger particles take more time to be 

wrapped up but require less ligand-receptor conjugate to cause receptor mediated endocytosis due 

to their lower curvature. So, membrane bending is nanoparticle curvature dependent, therefore 

depends on the nanoparticle size [71]. There is a threshold particle size for causing membrane 

deformation and subsequent wrapping process which is ~50nm according to many experimental 

studies [76-78]. Receptor mediated endocytosis is energetically favorable for nanoparticles larger 

than the threshold size whereas receptor mediated endocytosis is limited for nanoparticles smaller 

than the threshold size as they cannot occupy enough receptor binding sites on the cell membrane 

to overcome the membrane bending energy barrier [42, 54, 72]. Also, very small nanoparticles are 

readily filtered and cleared from the body by kidney [12]. On the other hand, very large particles 

undergo phagocytosis and get cleared from the blood circulation [79]. Therefore, many studies 

have recommended nanoparticles of ~100nm size for biomedical application due to their favorable 

circulation time and tumor accumulation [80, 81].  

2.2.2.2.2 Shape 

Along with size, nanoparticle shape is another important factor for nanoparticle-cell interaction. 

Spherical nanoparticles show higher cellular uptake than rod shaped nanoparticles due to their 

lower radius of curvature  [82] and less membrane wrapping time [49, 69, 83]. Ferrari and co-

workers reported that isotropic spherical particles show higher cellular internalization compared 

to anisotropic ones like disk, rod and cube shaped particles [84, 85].  In a study, Zhang et al. 

reported that nanospheres are uptaken by the cells while nanodisks stick to the cell surface [86]. 

In another study, Chithrani et al. reported that the cellular uptake of 74nm and 14nm spherical 

gold nanoparticles were 5 and 3.75 times higher than the 74x14nm rod shaped gold nanoparticles 

respectively. For rod shaped nanoparticles, aspect ratio, the ratio of length to width of nanorod, is 

an important factor for cellular uptake. In the same study, Chithrani et al. reported that rod shaped 

gold nanoparticles with lower aspect ratio showed greater cellular uptake than the ones with higher 

aspect ratio [78].  
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2.2.2.2.3 Surface Charge 

Surface charge of the nanoparticles also plays a major role in cellular internalization. The cell 

membrane has negative charge because of the phosphate group of phospholipid bilayer [41]. So, 

the positively charged nanoparticles exhibit more cellular uptake compared to the negative and 

neutral charged nanoparticles due to the attractive electrostatic interaction [54, 83, 87-91]. 

However, many studies have exhibited the cellular uptake of negatively charged nanoparticles [83, 

90, 92]. Patil et al. have demonstrated lower protein adsorption and higher cellular uptake of 

negatively charged cerium oxide nanoparticles compared to the positively charged nanoparticles 

with increasing zeta potential of different pH solutions [93]. So, surface charge of nanoparticles 

partially contributes to the cellular uptake and there are many other factors of the nanoparticle like 

size, shape, protein adsorption and surface chemistry that affect the nanoparticle-cell interaction.  

 

Figure 10 – Effect of nanoparticle surface charge on nanoparticle-cell interaction: (a) 

Negatively charged nanoparticles show low affinity towards cell membrane while (b) 

Positively charged nanoparticles show high affinity towards cell membrane. Reprinted with 

permission from Verma, A. et al. [83] 
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2.2.2.2.4 Surface Functionality 

Nanoparticle surface functional groups also impact nanoparticle-cell interaction [42, 54]. Receptor 

mediated endocytosis is a common way of nanoparticle-cell interaction where affinity ligands 

conjugated on the nanoparticle surface recognize and attach to specific receptors on the cell 

membrane. The targeting ligand should have a high binding affinity for the targeted receptor [38] 

and produce enough ligand-receptor bond pairs to overcome the membrane bending energy barrier 

[71, 72]. Ligand-receptor binding can be increased with increasing ligand density on the 

nanoparticle surface [94-96]. However, after a certain ligand density, cellular uptake of the 

nanoparticles may decline with further increasing the ligand density as a result of steric crowding. 

The conformation and reactivity of the ligands are restricted with the addition of each ligand to 

effectively bind to the receptors [97, 98]. Also, increasing ligand density can promote protein 

adsorption on the nanoparticle surface which can lead to non-specific uptake by RES [26, 38]. In 

such cases, nanoparticles are covered with hydrophilic coating like PEG. PEG acts as a sterically 

shielding polymer that prevents protein adsorption [60]. However, increasing ligand density at the 

surface of PEG conjugated nanoparticles can shield the protective properties of PEG [26, 99, 100] 

leading to non-specific uptake and limited targeting effect. This issue has been reported by Gu et 

al. who have investigated the effect of increasing aptamer density on the PEG conjugated 

nanoparticle surface. They have reported a narrow range of ligand density when the nanoparticles 

were maximally targeted and stealth resulting in an efficient targeting of prostate cancer cell [100]. 

Therefore, ligand density optimization is necessary for efficient specific targeting and limited non-

specific uptake [49].  

2.3   Ligand and Receptor Interaction   

The binding of a ligand to a receptor includes a recognition process followed by a non-covalent 

attachment [101, 102]. For a ligand-receptor interaction to occur, the ligand should be highly 

specific to the receptor and have a high binding affinity for it which will strengthen the interaction 

between them. The reversible interaction between a ligand, L and a receptor, R can be written as-    

L+R                 LR 
kon 
koff 
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where LR refers to the ligand-receptor complex. kon (in M-1s-1unit) and koff (in s-1 unit) refer to the 

association and dissociation rate constant respectively. At equilibrium, the forward reaction rate is 

equal to the backward reaction rate i.e. kon [L][R] = koff [LR] where [L], [R] and [LR] refer to the 

equilibrium concentration of the ligand, receptor and ligand-receptor complex. The association 

constant, Ka (in M-1 unit) is defined as- 

                                                            Ka= 
!,)
	!,--	

 = [/0][/][0]
 = 2

3*
 

where Kd is the dissociation constant (in unit of M), a commonly used measurement of the binding 

affinity. Therefore, a high association rate along with a low dissociation rate provides a high 

association constant or low dissociation constant and, thereby a high binding affinity [103, 104].  

The dissociation constant, Kd is related to the standard Gibbs free energy change of binding (   Gb) 

by the following Gibbs relationship-  

                                                                 Gb = -RTln(Ka) = RTln(Kd) 

where R is the universal gas constant (8.3144 JK-1mol-1) and T is the temperature (oK). From the 

above equation, it is evident that, lower the dissociation constant, the more negative the standard 

Gibbs free energy change of binding indicating stronger and more stable bond between the receptor 

and the ligand [101-104].  

2.4    Silica Nanoparticle 

Silica nanoparticle has been widely studied as a therapeutic delivery carrier because of its 

biocompatibility, low toxicity, systemic stability, relatively simple and low cost preparation [105-

108]. In addition, controllable particle size, porosity and crystallinity make it suitable for various 

biomedical applications [105]. However, the main advantage of silica nanoparticles over other 

nanoparticles is the ease of surface modification to introduce different functional groups which are 

useful for prolonged circulation and specific targeting [105, 106, 108, 109].  Silica nanoparticle is 

‘Generally Recognized As Safe’ (GRAS) by the United States Food and Drug Administration (US 

FDA) [110, 111]. Silica nanoparticles can have two forms-porous or nonporous. Silica 

nanoparticles can be used for drug encapsulation and delivery application; gene delivery 
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application; biosensor, bio-imaging devices, electronic substrates and thin film substrates 

production [112, 113].   

2.4.1 Sol-Gel Synthesis 

Flame synthesis, chemical vapor deposition, and sol-gel methods are some of the production 

techniques of silica nanoparticles [114]. The sol-gel method is the most commonly used among 

these techniques. The term “sol-gel” was first used in 1864 from Thomas Graham’s study about 

silica gels [115]. Generally, the silica sol-gel process involves the transition from a colloidal silica 

sol suspension to a silica gel network [116]. Sols are colloidal suspension of solid particles in 

liquid [117] and gel is a rigid network with a liquid phase intercalated into its porous structure. In 

the silica sol-gel process, the silica nanoparticle is produced from the hydrolysis and condensation 

of a silica sol-gel precursor. Tetraethyl orthosilicate (TEOS) is the most commonly used silica 

precursor which undergoes hydrolysis when mixed with water. This hydrolysis reaction produces 

intermediates with the replacement of the ethoxy group (OC2H5) of TEOS by the hydroxyl group 

(OH). These intermediates contain silanol groups (Si-OH). Condensation reaction occurs after 

hydrolysis reaction where either two silanol groups or a silanol and an ethoxy group react and 

produce water or ethanol as a byproduct respectively. These condensation reactions form siloxane 

bonds (Si-O-Si) and known as either water condensation or ethanol condensation based on the 

byproduct [117-119]. Sol-gel reactions can be acid or base catalyzed with mineral acids and 

ammonium hydroxide are the most widely used ones. However, acid catalyzed reactions (slow 

hydrolysis) yield linear polymer chains that entangle to form gel network [117] whereas, base 

catalyzed reactions (faster hydrolysis) yield nanoparticles stable against gel transitioning [119].  

Hydrolysis                       Si(OC2H5)4 + H2O → OH-Si(OC2H5)3 + C2H5OH 

Water Condensation      (OC2H5)3Si-OH + OH-Si(OC2H5)3 → (OC2H5)3Si-O-Si(OC2H5)3 + H2O 

Ethanol Condensation   Si(OC2H5)4 + OH-Si(OC2H5)3 → (OC2H5)3Si-O-Si(OC2H5)3 + C2H5OH   

The sol-gel method can be of two types- microemulsion and Stöber methods. Microemulsion 

system comprises a mixture of water, oil and amphiphilic compounds whereas Stöber method 

comprises a simple mixture of tetraethyl orthosilicate (TEOS) as a silica precursor, ethanol as a 

mutual solvent, water as a hydrolyzing agent and ammonium hydroxide as a base catalyst. 
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2.4.1.1 Microemulsion 

Microemulsion is a colloidal dispersion consisting of a polar phase (mainly water), a nonpolar 

phase (mainly oil) and a surfactant. It is a macroscopically homogeneous, optically isotropic, and 

thermodynamically stable liquid solution [120]. There are two types of microemulsion, dispersed 

and bicontinuous. Dispersed microemulsion is further subdivided into water-in-oil (W/O) and oil-

in-water (O/W) microemulsion. W/O microemulsion contains a low volume fraction of water 

dispersed in continuous oil phase; whereas O/W microemulsion contains a low volume fraction of 

oil dispersed in continuous aqueous phase. Bicontinuous microemulsion forms in a system of equal 

amount of water and oil. In all these types of microemulsion systems, a surfactant separates the 

polar and the nonpolar phase by forming an interfacial film [121].  

 

                        (a)                                 (b)                                                 (c) 

Figure 11 – Different types of microemulsion- (a) Water in oil microemulsion, (b) Oil in 

water microemulsion, (c) Bicontinuous microemulsion. Reprinted with permission from 

Malik, M.A. et al. [120]  

Silica nanoparticle is produced by water in oil microemulsion (W/O) method, also known as 

reverse microemulsion method. W/O microemulsion is formed when a low volume fraction of 

water results in water droplets dispersed in a continuous oil phase [120]. An organic solvent, often 

an alkane serves as the oil phase [122]. The free water at the center of the microemulsion droplet 

is known as ‘water pool’ whose size can affect the nanoparticle size [120, 122]. The interface of 

the water in oil microemulsion is stabilized by a surfactant which decreases the interfacial tension 

[122, 123]. Surfactants are naturally amphiphilic. In W/O microemulsion, the hydrophilic polar 

head groups of the surfactant molecules point towards the aqueous core and the hydrophobic 
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nonpolar tail groups point towards the surrounding oil phase forming a reverse micelle. A co-

surfactant is often used with the surfactant in order to further reduce the interfacial tension. 

Alcohols or amines in the range of C4 to C10 are usually used as co-surfactants that reduce the 

interfacial tension by offering a ‘dilution effect’ [120]. In addition, co-surfactant molecules 

enhance the mobility of the mono-molecular interface by continually moving between the 

dispersed and the continuous phase [124].  

 
Figure 12 – Schematic representation of a water in oil (W/O) microemulsion droplet. 

Reprinted with permission from Malik, M.A. et al. [120]  

The reverse microemulsion droplet acts as a nanoreactor where the nucleation and growth of silica 

nanoparticles occur in the presence of ammonium hydroxide [125]. Ammonium hydroxide 

occupies the aqueous core due to its polar nature [109]. Cyclohexane is often used as the oil phase 

which dissolves the hydrophobic silica precursor, TEOS. TEOS molecules diffuse from the 

continuous oil phase at the W/O interface and comes in contact with ammonium hydroxide in the 

water phase. As a result, TEOS molecules get hydrolyzed and monomers are formed. The 

hydrolyzed monomers undergo condensation either with other hydrolyzed monomers or with 

TEOS molecules to form polymers at the interface [125]. Nucleation occurs when the monomer 

occupancy number per droplet exceeds the critical nucleation number. So, based on this 

consideration, a large amount of nuclei will form with faster hydrolysis and condensation 
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reactions. Particle growth takes place either with the addition of monomers to the nuclei or via 

nuclei aggregation [126].   

Reverse microemulsion produces spherical monodispersed silica nanoparticles of smaller size 

compared to the Stöber method [127, 128] and particle size can be simply controlled using various 

microemulsion parameters [109, 112]. Particles of various sizes produced by the microemulsion 

method can be used to encapsulate a broad range of organic and inorganic fluorophores [127]. 

However, the major challenge of reverse microemulsion method lies within the removal of 

surfactants from the final product [129]. This can be overcome by several washing steps. 

2.4.2 Surface Functionalization of Silica Nanoparticle 

Surface properties of silica nanoparticles affect their interaction with the biological system. So, 

surface functionalization of silica nanoparticles is of great importance to enhance their circulation 

time and colloidal stability in the biological fluids [130]. Also, surface functionalization of silica 

nanoparticles makes them available to diversified linking strategies [131] which can be used to 

attach biorecognition molecules on the silica nanoparticle surface to target specific receptors of 

the living systems [107].    

Silica nanoparticle surface is mostly functionalized by covalent functionalization [130] which 

takes advantage of the widely used silane chemistry and introduces different functional groups like 

thiol (-SH), amine (-NH2) and carboxyl (COOH) groups on silica nanoparticle surface [127]. 

Covalent functionalization can be done either via ‘Grafting’ method or via ‘Co-condensation’ 

method. In the Grafting method, silica core is first prepared and then coated with organosilane 

containing the desired functional group. The organosilane undergoes hydrolysis to form silanol 

groups which condense with surface silanol groups of the silica nanoparticles to introduce the 

desired functional group [107]. However, many studies have reported self-condensation of the 

organosilane right after hydrolysis which is an undesired reaction [132, 133]. These self-

condensates have the possibility of further condensation with the surface silanol groups of the 

silica nanoparticle forming a dense layer on the surface. Although this dense layer provides more 

functional groups for further linking reactions, it increases the overall size of the nanoparticles 

making it susceptible to phagocytosis. Additionally, surface functional groups cannot be accurately 

controlled in a replicative and reliable manner [107]. In the co-condensation method, also known 
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as ‘Direct or One-pot synthesis’ both the silica precursor and the organosilane undergo 

condensation simultaneously [134] resulting in uniform distribution of the functional groups [135]. 

However, faster condensation of the organosilane compared to TEOS buries most of the functional 

groups inside the particles and results in the unavailability of the functional groups on the silica 

nanoparticle surface. In this case, a time interval of at least 30 minutes is necessary between the 

addition of TEOS and the organosilane to achieve the desired outcome [109, 128].  

 

Figure 13 – Grafting process a) Hydrolysis, b) Self-condensation, c) Further condensation. 

Reprinted from an open access article by Hak-Sung Jung et al. [107] 

Silica nanoparticle surface is mostly functionalized with silane coupling agents which have similar 

structures [(OR)3-Si-R-] like the silica precursor, TEOS except that they have one terminal end of 

functional group.  Also, the silane coupling agents follow the same hydrolysis and condensation 

reaction mechanisms of TEOS [131]. The Si(OR)3 part of the silane-coupling agents bond with the 

inorganic materials while the functional group or (R-) part bonds with the organic materials [129]. 

3-aminopropyl triethoxysilane (APTES), 3-mercaptopropyl trimethoxysilane (MPTS), 

Vinyltriethoxysilane (VTS) and various PEG-silanes are usually used as coupling agents for silica 

nanoparticles [105] 

2.4.2.1 Silica Surface Functionalization with Amine Group  

3-aminopropyltriethoxysilane (APTES) and 3-aminopropyltrimethoxysilane (APTMS) are the 

most commonly used amine precursors. They are used to introduce amine groups on the silica 

nanoparticle surface either via co-condensation or grafting method. They have similar structures 

like TEOS except that they have one terminal end of amine group and they follow the same 

hydrolysis and condensation reaction mechanisms of TEOS [136]. However, these reactions are 
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sensitive to silane concentration, reaction time, temperature, solvent polarity, and the amount of 

water [137]. Amine modified silica nanoparticles are used in composite materials, catalysts, 

medical diagnostics and biochemistry [134].  Also, they have applications in gene delivery, 

plasmid DNA transport, capture and release of bacteriophage viruses [138].  

 

Figure 14 – Schematic representation of silanization reaction of APTES with silica 

nanoparticle. Reprinted with permission from Thanh, N.T. and L.A. Green [139]       

2.4.2.2 Silica Surface Functionalization with PEG Group  

PEG is a hydrophilic, neutral polymer of ethylene oxide monomers. It is non-toxic and FDA 

approved [140]. Silica nanoparticle surface is functionalized with PEG by a process known as 

pegylation. For pegylation, silica nanoparticle surface is first functionalized with reactive groups 

like amino, carboxyl, thiol or epoxy groups. These functional groups then react with mPEG bearing 

stable reactive groups to covalently conjugate mPEG on the silica nanoparticle surface. Amino 

group is the most preferred reactive group for the first step to link PEG on the silica nanoparticle 

surface due to its stability and mild reaction conditions [141]. PEG increases hydrophilicity on the 

nanoparticle surface and provides stealth properties to them which avoids interaction with the 

proteins and subsequent non-specific uptake. So, pegylation increases the circulation time of the 

nanoparticles and prevents their clearance from the body [142-146]. Protein resistance property of 

PEG depends on its chain length and surface grafting density [142]. PEG with longer chain length 

and higher grafting density provides greater protein resistance [144]. Pegylation also enhances the 

stability of the nanoparticles in the biological fluids by creating steric distance between them and 

subsequently reducing particle aggregation. Additionally, pegylation increases the solubility of the 
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nanoparticles in the biological fluids because of the presence of hydrophilic ethylene glycol units 

in PEG [105, 143, 144]. 

 

Figure 15 – Schematic representation of nanoparticle surface modification with mPEG-

NHS. Reprinted with permission from Bamberger, D., et al. Copyright 2017, American 

Chemical Society [147] 

2.4.2.3 EDC-NHS Chemistry 

EDC-NHS chemistry is a well-established and versatile method of crosslinking primary amines to 

carboxyl groups with the use of carbodiimide compounds. Carbodiimide compounds activate 

carboxyl groups for direct reaction with primary amines via amide bond formation. EDC (1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide) and DCC (Dicyclohexylcarbodiimide) are the two most 

widely used carbodiimides. Water-soluble EDC is used for aqueous crosslinking and the water-

insoluble DCC is used for non-aqueous organic synthesis methods.                

EDC reacts with the carboxylic acid groups to form an active O-acylisourea intermediate (Figure 

38) which is easily replaced by nucleophilic attack from the primary amine groups in the reaction 

mixture. The primary amine forms an amide bond with the original carboxyl group and releases 

an EDC by-product as a soluble urea derivative. The O-acylisourea intermediate is unstable in 

aqueous solutions and if it fails to react with an amine group, hydrolysis of the intermediate occurs 

which regenerates the carboxyl and releases an N-unsubstituted urea. EDC crosslinking is effective 

in acidic (pH 4.5) conditions. However, phosphate buffers and neutral pH (up to 7.2) solutions are 
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also suitable for the reaction but with lower efficiency. In this case, increasing the EDC 

concentration in the reaction mixture can be effective. 

In order to improve the reaction efficiency, N-hydroxysuccinimide (NHS) or its analog sulfo-N-

hydroxysuccinimide (Sulfo-NHS) is frequently added in the EDC coupling reaction for efficiency 

enhancement [148]. EDC combines NHS to carboxyl group and forms a dry-stable amine-reactive 

NHS ester (Figure 39) which is considerably more stable than the O-acylisourea intermediate and 

allows efficient conjugation to the primary amines with the release of NHS at physiological pH. 

Therefore, the concentrations of the coupling agents EDC and NHS need to be optimized in order 

to ensure effective conjugation of hyaluronic acid and folic acid on the nanoparticle surface.  

 

Figure 16 – EDC-NHS crosslinking reaction scheme. Reprinted with permission from Bart, 

J., et al. [149] 

2.5  CD44 Receptor and Hyaluronic Acid  

CD44 or Cluster of Differentiation receptor is a single chain transmembrane glycoprotein with 

molecular weight in the range of 80-250kDa [20, 22, 150, 151]. It shows higher level of expression 

on many cancer cells including ovarian, breast, lung, pancreatic and colon [22, 151, 152] compared 

to the normal cells and its density increases with the cancer stage. It plays a major role in many 

cellular processes like cell signaling, cell proliferation, differentiation, migration, angiogenesis, 
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tumor invasion and metastasis [153-155]. It has three domains- extracellular amino terminal 

domain, stem region and carboxyl terminal cytoplasmic domain. The amino terminal domain 

consists of disulfide bonds (SS) necessary for hyaluronic acid binding [156, 157] which is highly 

specific to the CD44 receptor.  

 

Figure 17 – Key domains of CD44 receptor. Reprinted with permission from Zavros, Y. 

[156] 

Hyaluronic acid is a natural linear polysaccharide made of alternating units of N-acetyl-d-

glucosamine and D-glucuronic acid disaccharides [106, 154, 158]. This vital constituent of 

extracellular matrix exists [151, 159, 160] in various sizes and possesses excellent properties 

including biocompatibility, biodegradability, hydrophilicity, non-immunogenicity, non-toxicity, 

high availability and low cost [17, 161, 162]. Additionally, it contains various functional groups 

like hydroxyl and carboxyl suitable for further functionalization [26, 163, 164]. Hyaluronic acid 

shows strong affinity towards CD44 receptor and is a potential targeting ligand for the 

development of CD44 overexpressing cancer cell targeting drug delivery system [165, 166]. This 

specific targeting is followed by receptor mediated endocytosis which internalizes the hyaluronic 

acid functionalized drug delivery carrier into the cancer cell [151]. After the receptor mediated 

endocytosis, hyaluronic acid undergoes degradation by hyaluronidase enzyme and produce low 

molecular weight components [20, 152, 161, 167].  
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2.6 Folate Receptor and Folic Acid 

Folate receptor is a glycosylphosphatidylinositol (GPI) attached glycoprotein [168-171] with 

molecular weight of 38kDa [28, 29]. It shows higher level of expression on many cancer cells 

including colon, breast, ovarian, kidney, lung and brain [19, 21, 28, 29] compared to the normal 

cells and its density increases with the cancer stage. So, it is considered as a potential target for 

cancer diagnosis and treatment [19].  

 

Folic acid, also known as folate, is a type of B vitamin (B9) [169, 172-174]. This small sized 

(441g/mol) vitamin possesses excellent properties which include biocompatibility, high stability, 

high availability, non-immunogenicity, non-toxicity, simple conjugation chemistry, small size and 

low cost [13, 175-177]. Additionally, it plays a key role in the DNA and RNA synthesis, cellular 

growth and survival, and metabolic processes for cells [178-180]. Folic acid exhibits high binding 

affinity for the folate receptors (Kd = 1nM) and serves as an attractive ligand for the development 

of folate receptor overexpressing cancer cell targeting drug delivery system [30, 181]. This specific 

targeting is followed by receptor mediated endocytosis which internalizes the folic acid 

functionalized drug delivery carrier into the cancer cell [26, 182].  
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Chapter 3: Synthesis and Characterization of Targeted Silica Nanoparticles 

 

3.1 Motivation  

In this chapter we have discussed the synthesis and characterization of dual targeted nanoparticles. 

Conjugation of dual targeting ligands on one nanoparticle is a surface modification process to 

increase cellular targeting. While single targeted nanoparticles can target only one type of cancer 

cell surface receptor, dual targeted nanoparticles can simultaneously target two different receptors 

of cancer cells and result in a combined effect in cancer cellular uptake of nanoparticles [164]. 

This dual targeted nanoparticle facilitates internalization of more nanoparticles into the cancer 

cells and consequently improves therapeutic and/or diagnostic efficacy compared to the single 

targeted one. However, ligand density on nanoparticle surface can influence its molecular targeting 

and cellular binding [183]. It was demonstrated that ligand density optimization can have a 

significant impact on cellular targeting [184] and it has also shown great promise in in vivo studies 

[183]. So, for ligand targeted nanoparticles, adjusting the surface ligand density is essential for 

enhanced ligand coverage and effective cellular targeting [22].  

 

3.2 Materials  

Tetramethyl orthosilicate (TMOS-98%), Triton X-100 and (3-Aminopropyl)trimethoxysilane 

(APTMS) were purchased from Acros Organics; n-hexanol (99%), fluorescamine, ethanolamine, 

1-Ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC), N-Hydroxysuccinimide (NHS) and 

fluorescein isothiocyanate were purchased from Alfa Aesar; cyclohexane, aqueous ammonia 

solution (29wt% ammonia) and dimethyl sulfoxide (DMSO) were purchased from BDH 

Chemicals; ethanol was purchased from Decon Labs; hyaluronic Acid (8kDa) was purchased from 

Amazon; folic Acid (≥97%) was purchased from Enzo Life Sciences; cetrimonium bromide was 

purchased from Spectrum Chemicals; sodium acetate was purchased from Amresco; acetic acid 

was purchased from Macron Fine Chemicals; coomassie brilliant blue dye was purchased from 

Bio-Rad; bovine serum albumin was purchased from Sigma Aldrich. All chemicals were used 

without further purification. Deionized water used throughout the experiments was purified with 

an ELGA PURELAB Flex water purification system.  
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3.3 Methods 

 
3.3.1 Synthesis of Fluorescent Silica Nanoparticles  

We synthesized silica nanoparticles by water in oil microemulsion method. Initially, mixture of 

cyclohexane, n-hexanol, Triton X-100 and DI water was vigorously stirred at room temperature to 

form the microemulsion. After 15 minutes, FITC dye was added followed by the addition of TMOS 

and APTMS after 5 minutes. NH4OH was added after 30 minutes of vigorous stirring. The reaction 

was carried on for 24 hours at room temperature. Ethanol was added to break the stability of 

microemulsion and recover the particles by centrifugation (14800rpm, 30mins). The particles were 

washed three times with ethanol and one time with water to remove the unreacted reagents.  

 

Figure 18 – Schematic representation of Silica nanoparticle synthesis by Microemulsion 
method 
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3.3.2 Synthesis of Targeted Silica Nanoparticles  

We synthesized hyaluronic and folic acid conjugated dual targeted silica nanoparticles using the 

well-established EDC-NHS chemistry. Before conjugation of the ligands, we activated hyaluronic 

and folic acid to uncover free carboxylic acid group. Hyaluronic acid was activated by first 

dissolving it in water. EDC and NHS solutions were prepared separately in water and added to the 

hyaluronic acid solution. The reaction mixture was rotated overnight. Folic acid was activated by 

first dissolving it in DMSO. EDC and NHS solutions were prepared separately in DMSO and 

added to the folic acid solution. We stirred the reaction mixture overnight in dark. Following 

overnight activation of the ligands, hyaluronic and folic acid solutions were mixed together and 

stirred. Fluorescent silica nanoparticles suspended in water was added to the ligand mixture. We 

stirred the reaction mixture for 24 hours in dark. Following functionalization, the particles were 

washed two times with DMSO and two times with water to remove the unreacted reagents.  The 

respective single targeted silica nanoparticles was synthesized following the same protocol without 

mixing the ligand solutions. To the best of our knowledge, this report presents the first 

simultaneous approach of these 2 ligands conjugation on nanoparticle surface. 

 

 

Figure 19 – Schematic representation of dual targeted silica nanoparticle synthesis  
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3.4 Characterization  

 
3.4.1 Dynamic Light Scattering (DLS) 

We measured the nanoparticles size and zeta potential by Dynamic light scattering (DLS) method 

using Malvern Zetasizer Nano ZS (Malvern, UK). The size of the nanoparticles is measured by 

backscatter detection at θ =173°. The zeta potential of the nanoparticles is measured using 

Smoluchowski model.  

 

3.4.2 Fluorescence Microscope 
 
We used EVOS digital inverted microscope to observe the fluorescent nanoparticles. Briefly, we 

took 100 µL of each nanoparticle sample in a 60x22mm micro cover glass and covered it with 

22x22mm coverslip to use in the microscope.  

 
3.4.3 Transmission Electron Microscopy (TEM)  

We used a Zeiss EM 10 transmission electron microscope (TEM) operating at a voltage of 60K to 

characterize the morphology of the nanoparticles. TEM samples were prepared by dropping 10 µL 

of nanoparticle suspension on formvar-carbon film of a 300-mesh copper grid. After 15 minutes, 

the remaining solution was wiped away using a filter paper. The grid was then placed in a petri 

dish and allowed to dry overnight at room temperature. 

 
3.4.4 Amine quantification 

We measured the primary amine content of the silica nanoparticles using a quantitative 

fluorescamine assay. Fluorescamine (4'-phenylspiro[2-benzofuran-3,2'-furan]-1,3'-dione) reacts 

with primary amines to form a fluorescent pyrrolinone moieties. Briefly, 150 µL of nanoparticle 

suspension was taken into a 96 well plate. 50 µL of 3 mg/mL fluorescamine dissolved in DMSO 

was added to each well and allowed to react for 10 minutes in dark. Fluorescence of each sample 

were measured at 400 nm excitation and 460 nm emission with a FlexStation 3 (Molecular 

Devices, Sunnyvale, CA). Ethanolamine of known concentrations was used as a standard.  
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3.4.5 Hyaluronic Acid quantification 

We measured the hyaluronic acid content of the silica nanoparticles using an indirect quantitative 

hexadecyltrimethylammonium bromide (CTAB) turbidimetric method. CTAB is an anionic 

surfactant that forms an insoluble complex with polyanionic hyaluronic acid in a solution. 

Formation of this complex has a linear relation with the hyaluronic acid concentration in the 

solution and it exhibits strong light absorption at a wavelength of 570nm. Briefly, 50μL of 

supernatant samples after each centrifugation was added in triplicate to a 96-well plate. The 

samples were incubated with 50μL of 0.2 M sodium acetate buffer (pH 5.5) at 37oC for 10 minutes. 

Then, 100μL of 10mM CTAB solution was added to the wells. The absorbance of the precipitated 

complex was read within 10 minutes against the control at 570 nm using a microplate reader. The 

amount of conjugated hyaluronic acid was measured by subtracting the total amount of hyaluronic 

acid in the supernatant solutions from the initial amount added to the reaction mixture. Hyaluronic 

acid of known concentrations was used as a standard. 

3.4.6 Folic Acid quantification 

We measured the folic acid content of the silica nanoparticles using a quantitative ultraviolet (UV) 

spectrophotometric method. Folic acid shows characteristic peak at 358nm wavelength. So, the 

absorbance of 0.2 mg/ml of each nanoparticle samples was measured at 358nm wavelength using 

UV spectrophotometer. Folic acid of known concentrations was used as a standard. 

3.4.7 Protein adsorption 

We measured the protein adsorption on targeted nanoparticles using Bradford assay with 

coomassie brilliant blue dye. Briefly, 0.1 mg/ml of each nanoparticle sample was incubated with 

0.5 mg/ml of Bovine Serum Albumin (BSA) at 37oC and 7.4 pH. After 2 hours, the mixture was 

centrifuged at 12,000 rpm for 20 mins. Then 5ul of the supernatant of each nanoparticle sample 

was added in the 96 well plate with 250ul of the Bradford Reagent. After keeping the mixture at 

room temperature for 10 minutes, absorbance of each sample was measured at 595 nm. The 

adsorbed BSA was calculated using the equation: q = (Ci − Cf)V/m where Ci and Cf are the initial 

and final BSA concentrations in the solution respectively; V is the BSA solution volume; m is the 
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mass of the nanoparticles added into the solution. BSA of known concentrations was used as a 

standard. 

3.4.8 Fluorescence stability  

We measured the fluorescence stability of the targeted nanoparticles using spectrophotometric 

method. Briefly, we incubated three different concentration of each nanoparticle sample in colon 

cancer cell culture media at 37oC and 7.4 pH. After fixed time points, we measured the 

fluorescence of each nanoparticle sample at Ex:495nm and Em:525nm using FlexStation 3 

Molecular Device fluorescence spectrophotometer. Culture media without nanoparticle was used 

as a control.  

3.5 Results and Discussion 

We have synthesized targeted nanoparticle in a two-step process. In step 1, we have synthesized 

fluorescently labeled amine conjugated silica nanoparticle. The amine on the nanoparticle provides 

reaction sites for ligand conjugation and the fluorescent nanoparticle is used for particle tracking 

in cells. In step 2, we have synthesized HA and FA conjugated silica nanoparticle to be used for 

cellular targeting.  

Step 1 – Amine conjugated silica nanoparticle 

In this experiment, we have synthesized 4 nanoparticles by water in oil microemulsion method. 

We have used water to surfactant mole ratio, R=16.08 and co-surfactant to surfactant mole ratio, 

P=4.82. First, we have optimized the APTMS concentration and to do this optimization we have 

characterized the nanoparticle without dye addition. We have varied the amine moles (moles of 

APTMS) with respect to silica moles (moles of APTMS+TMOS) in the synthesis reaction. We 

have characterized the nanoparticles by measuring their size, PDI, zeta potential, primary amine 

group and morphology. We ran the experiments in triplicates and presented the data as mean ± 

standard deviation.  
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3.5.1 Size  

Figure 20 shows the effect of APTMS mole fraction on nanoparticle size. As can be seen from the 

figure, the size of the nanoparticle characterized by DLS increased from 97nm to 230nm with 

increasing mole fraction of APTMS. This is because higher concentration of amine group fastens 

the reaction rates of hydrolysis and condensation. This faster reaction rate consequently reduces 

nucleation period and induces particle growth which results in larger particle size [185]. Particles 

aggregated when excess amount of APTMS was used in the reaction. So, we used appropriate 

amount of APTMS in the reaction to reduce the gelation of silica nanoparticles. Particles were 

moderately dispersed with polydispersity index (PDI) ranging from 0.08-0.22.  

 

Figure 20 – Effect of APTMS mole fraction on nanoparticle size 

3.5.2 Zeta potential   

Figure 21 shows the effect of APTMS mole fraction on nanoparticle zeta potential. As can be seen 

from the figure, the control silica nanoparticles has negative zeta potential characterized by DLS 

because of the presence of negatively charged deprotonated hydroxyl groups on the nanoparticle 

surface. The zeta potential of the nanoparticles increased from -24mV to 15mV with increasing 

mole fraction of APTMS due to the conjugation of positively charged protonated amine groups on 
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the silica nanoparticle surface [186]. So, the zeta potential measurement validated the amine group 

conjugation on the nanoparticle surface in the tested range. 

 

Figure 21 – Effect of APTMS mole fraction on nanoparticle zeta potential 
 

3.5.3 Amine group quantification   

Figure 22 shows the effect of APTMS mole fraction on surface amine group. As can be seen from 

the figure, no amine group was detected on the bare silica nanoparticle surface. However, the 

amine group on the nanoparticle surface increased to 0.74µmol/mg nanoparticle with further 

addition of APTMS in the reaction system. So, the fluorescamine assay further confirmed the 

presence of amine group on the silica nanoparticles surface in the tested range. 
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Figure 22 – Effect of APTMS mole fraction on nanoparticle surface amine group 

 

3.5.4 Morphology  

Figure 23 shows the surface morphology of amine conjugated silica nanoparticles characterized 

by TEM. As can be seen from the figure, nanoparticles have smooth spherical shape and 

monodispersity with low aggregation [185].  
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Figure 23 – Surface morphology of amine conjugated silica nanoparticle visualized with 
TEM (APTMS mole fraction=0.39) 

 

Step 1 – Fluorescent silica nanoparticle 

In this experiment, we have synthesized 6 nanoparticles by water in oil microemulsion method. 

We have used water to surfactant mole ratio, R=16.08 and co-surfactant to surfactant mole ratio, 

P=4.82. For optimization of dye concentration, we have used APTMS mole fraction=0.145 

because beyond this point we were having issues like aggregation and fluorescence quenching. 

Using APTMS=0.145, we were able to produce core nanoparticle of ~100nm size with moderate 

dispersity. Also, it falls in our tested range where we were able to successfully conjugate amine 

group on nanoparticle surface. We have varied the FITC dye concentration from 0.015M to 

0.082M in the synthesis reaction. We have characterized the nanoparticles by measuring their size, 

PDI, fluorescence and fluorescence image. We ran the experiments in triplicates and presented the 

data as mean ± standard deviation. 
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3.5.5 Size  

Figure 24 shows the effect of FITC dye concentration on nanoparticle size. As can be seen from 

the figure, the size of the control nanoparticle characterized by DLS was 96nm. Addition of FITC 

in the reaction system increased the size up to 132nm indicating that FITC has been attached to 

the surface [187]. Particles were moderately dispersed with polydispersity index (PDI) ranging 

from 0.15-0.34.  

 

Figure 24 – Effect of FITC concentration on nanoparticle size 

3.5.6 Fluorescence   

Figure 25 shows the effect of FITC dye concentration on nanoparticle fluorescence. As can be 

seen from the figure, the particle fluorescence increased with increasing FITC concentration over 

a narrow range indicating more FITC molecules were incorporated into the silica nanoparticle. 

The isothiocyanate group of FITC covalently attaches with the amine group of APTMS and forms 

a stable substrate-dye complex. However, the particle fluorescence reached a plateau at higher 

FITC concentration suggesting the consumption of all reaction sites on APTMS [137, 188].  
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Figure 25 – Effect of FITC concentration on nanoparticle fluorescence  

 

3.5.7 Fluorescence image 

Figure 26 shows the image of fluorescent silica nanoparticles at different particle density. As can 

be seen from the figure, the particles showed strong green fluorescent signals originating from 

FITC [189]. 
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Figure 26 – Image of fluorescent silica nanoparticles visualized with Fluorescence 
Microscope (APTMS=0.145 and FITC=0.01M) 

 

Step 2 – Ligand conjugated targeted silica nanoparticle 

In this experiment, we have synthesized 1 non-targeted, 8 single targeted and 16 dual targeted 

nanoparticles by EDC-NHS method. We have used water to surfactant mole ratio, R=16.08, co-

surfactant to surfactant mole ratio, P=4.82. We have used APTMS mole fraction=0.12 and 

FITC=0.01M because beyond this point we were having issues like aggregation and fluorescence 

quenching. Using APTMS mole fraction=0.12 and FITC=0.01M, we were able to produce core 

nanoparticle of ~100nm size with moderate dispersity. Also, it falls in our tested range where we 

were able to successfully conjugate amine group and dye respectively with nanoparticle. We have 

varied the ligand density on nanoparticle surface by varying the mole ratio of ligand to surface 

amine group. We have chosen 4 different mole ratios of HA to surface amine group with HA in 

the range of 0.5-1.25. Under each of this mole ratio, we have chosen 4 different mole ratios of FA 

to surface amine group with FA in the range of 3-9. We have chosen these ranges for H:A and F:A 

molar ratio based on ligand identification, control of size and higher nanoparticle yield. We have 

used EDC:HA and NHS:HA mole ratio to 50:1 and EDC:FA and NHS:FA mole ratio to 2:1 based 

on literature. We have characterized the nanoparticles by measuring their size, PDI, zeta potential, 

morphology, ligand quantification, protein adsorption and fluorescence stability. We ran the 

experiments in triplicates and presented the data as mean ± standard deviation. H:F:A is defined 

as the HA and FA molar ratio with respect to surface amine group.  
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3.5.8 Size  

Table 1 shows the size and PDI of the targeted nanoparticles. As can be observed from the table, 

the nanoparticle sizes were in the range from 150-275nm. The difference in size can be due to the 

different orientation of ligands on nanoparticle surface. The nanoparticles were moderately 

dispersed with PDI in the range from 0.07-0.28.  

               Table 1 – Size and PDI of targeted nanoparticles 

Mole Size (nm) PDI 
Amine (A) HA (H) FA (F) 

 
 
 
 
 
 
 
 
 
 
 
 
 

         1 

 
 
0 

0 271.57±4.46 0.23±0.02 
3 264.10±3.10 0.21±0.01 
5 261.80±3.24 0.23±0.01 
7 247.07±2.37 0.21±0.01 
9 234.93±2.49 0.20±0.01 

 
 

0.5 

0 269.23±5.01 0.15±0.02 
3 156.33±3.15 0.07±0.04 
5 155.30±2.19 0.12±0.02 
7 207.93±2.64 0.22±0.01 
9 225.30±1.18 0.22±0.02 

 
 

0.75 

0 155.77±4.56 0.16±0.01 
3 219.77±7.49 0.20±0.01 
5 194.97±3.46 0.16±0.01 
7 193.07±3.51 0.19±0.02 
9 252.67±6.06 0.22±0.01 

 
 
1 

0 198.83±5.03 0.13±0.01 
3 147.37±2.46 0.28±0.02 
5 239.27±1.44 0.24±0.01 
7 195.90±1.31 0.17±0.04 
9 250.93±2.29 0.23±0.03 

 
 

1.25 

0 211.43±4.90 0.12±0.02 
3 231.13±3.10 0.24±0.02 
5 164.63±1.95 0.21±0.02 
7 181.60±2.95 0.16±0.03 
9 193.63±2.45 0.19±0.01 

 

3.5.9 Zeta potential  

Figure 27 shows the zeta potential of the targeted nanoparticles. The average zeta potential of the 

non-targeted nanoparticle was -15mV due to the presence of negatively charged deprotonated 
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silanol groups on the nanoparticle surface [190]. The zeta potential of the nanoparticles shifted 

towards the positive direction following the modification with only folic acid (marked by orange 

line) due to the presence of protonated amino acid groups of folate [19]. The zeta potential of the 

nanoparticles reversed to the negative direction following the addition of hyaluronic acid in the 

reaction system due to the presence of negatively charged deprotonated carboxyl group on the 

nanoparticle surface [161]. So, measurement of zeta potential confirmed the successful linkage of 

HA and FA to the nanoparticle surface.  

 

Figure 27 – Effect of ligand conjugation on nanoparticle zeta potential 

 

3.5.10 HA quantification  

Figure 28 shows the HA conjugation on the targeted nanoparticles measured by CTAB 

turbidimetric method. As can be seen from the figure, at higher F:A molar ratios i.e. ≥7, increase 

in H:A molar ratio from 0.5 to 1.25 didn’t significantly change the nanoparticle surface coverage 

by HA. However, at lower F:A molar ratios i.e. ≤ 5, increase in H:A molar ratio from 0.5 to 1.25 

significantly increased HA conjugation on nanoparticle surface. With increasing F:A molar ratio 

from 0 to 9, less HA were conjugated on the nanoparticle surface which probably could be due to 

the lack of availability of reaction sites.  
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Figure 28 – Effect of H:A molar ratio on nanoparticle surface conjugation by HA 

 

3.5.11 FA quantification  

Figure 29 shows the FA conjugation on the targeted nanoparticles measured by spectrophotometric 

method. As can be seen from the figure, at higher H:A molar ratios i.e. ≥0.75, increase in F:A 

molar ratio from 3 to 7 didn’t significantly change the nanoparticle surface coverage by FA. 

However, further increase in F:A molar ratio to 9 significantly improved the surface coverage. At 

lower H:A molar ratio i.e. ≤0.5, increase in F:A molar ratio from 0 to 9 significantly increased FA 

conjugation on nanoparticle surface. At F:A=9, less FA were conjugated on the nanoparticle 

surface with increasing H:A molar ratio from 0 to 1.25, which probably could be due to the lack 

of availability of reaction sites.  
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Figure 29 – Effect of F:A molar ratio on nanoparticle surface conjugation by FA 

 

3.5.12 Protein adsorption 

The interactions between the nanoparticles and the proteins affect the biological fate of the 

nanoparticles. When nanoparticles enter the blood circulation upon intravenous administration, 

protein corona is formed over them which creates a new ‘biological identity’ of the nanoparticles 

[42]. This new ‘biological identity’ of the nanoparticles influences their biodistribution and 

clearance [54], thereby altering their destination in the body [66]. So, it is required to have a 

balance between targeted cellular uptake and protection from protein corona. Figure 30 shows the 

BSA protein adsorption on the targeted nanoparticles measured by spectrophotometric method. As 

can be seen from the figure, there was no significant change in protein adsorption on nanoparticle 

surface with an increase in F:A molar ratio from 0 to 9. It indicated that FA conjugation had 

negligible impact on protein adsorption. However, with an increase in H:A molar ratio from 0 to 

1.25, BSA protein adsorption was substantially reduced on the nanoparticle surface which could 

be due to the zeta potential and hydrophilicity of the HA conjugated nanoparticles. From figure 26 

we have observed that, the zeta potential of the nanoparticles were negative following the 

conjugation of HA on nanoparticle surface. This negative charge could result in an electrostatic 
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repulsion with BSA protein of negative charge and eventually reduce protein adsorption [191]. 

Also, addition of HA could form a hydrophilic shell on nanoparticle surface and repel plasma 

protein from adsorption [26]. So, modification of nanoparticle surface with ligand reduces protein 

adsorption which will increase targeted cellular internalization by avoiding non-specific uptake.   

 

 

Figure 30 – BSA protein adsorption on targeted nanoparticles 

 

3.5.13 Fluorescence stability 

We have used FITC dye in our nanoparticle for cellular targeting which has some major drawbacks 

such as self-quenching, photobleaching and loss of fluorescence after conjugation. So, we have 

characterized our targeted nanoparticles for their fluorescence stability. Figure 31 shows the 

fluorescence stability of the targeted nanoparticles (H:F:A=1.25:9:1) measured by fluorescence 

spectrophotometer. As can be seen from the figure, the fluorescence of the targeted nanoparticle 

in three different concentration is maintained in the cell culture media for more than 24 hours 

without significant variation. Higher nanoparticle concentration exhibited higher fluorescence 

compared to the lower concentrations due to higher dye conjugation. This excellent stability can 
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be attributed to the covalent bond between primary amino groups of silica nanoparticles and 

isothiocyanate group of FITC which forms relatively stable substrate-dye complex [137]. These 

results suggested that the dye doped dual targeted nanoparticles can be used in the cellular targeting 

study without loss of fluorescence in the tested time range. 

 

Figure 31 – Fluorescence stability of targeted nanoparticles (H:F:A=1.25:9:1) 

3.6 Summary  

In this chapter, we have demonstrated a novel approach for the synthesis of HA and FA conjugated 

nanoparticles from fluorescently tagged amine conjugated silica nanoparticles. We have discussed 

various characterization techniques of the nanoparticles. The zeta potential measurement and 

fluorescamine assay confirmed the amine group conjugation on the silica nanoparticle surface. The 

fluorescence measurement and images confirmed the successful conjugation of FITC dye with 

silica nanoparticle. The CTAB turbidimetric method and spectrophotometric method confirmed 

the successful conjugation of HA and FA respectively on silica nanoparticle surface. Finally, the 

targeted nanoparticles showed moderate size distribution, reduced protein adsorption and excellent 

fluorescence stability which are useful for cellular targeting.  
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Chapter 4: Cytotoxicity of Targeted Silica Nanoparticles 

4.1 Motivation  

Nanoparticle toxicity on cells has been an increasingly important issue over the past decades due 

to the rapid growth of their use in different biomedical applications. Non-toxic materials are most 

often used to synthesize nanoparticles but they possess many different physiochemical properties 

[192]. These properties make them convenient for theranostic application but also produces 

toxicity [193]. So, it is important to evaluate the nanoparticle cytotoxicity which helps to 

understand the action mechanisms of chemicals on cells and tissues. The key mechanism of 

nanoparticle toxicity is oxidative stress which is the imbalance between Reactive Oxygen Species 

(ROS) formation and the potential of the biological system to detoxify ROS. Nanoparticles 

increase ROS formation by physicochemical interaction with cell membrane that causes damage 

to cell membrane, proteins and DNA [194].  

Researchers have begun conducting many in vitro cytotoxicity studies due to immense interest in 

nanoparticle toxicity. In the past years, various methods have been developed to study the cell 

viability and cell culture proliferation. The most convenient method has been optimized for the 

use of 96-well microplates which allows rapid and simultaneous analysis of many samples. In vitro 

cytotoxicity testing has many advantages. Elimination of the need of animal use and ability to 

determine cell or organ specific toxicity are few of those. Compared to animal studies, in vitro 

cytotoxicity testing is easier to control and reproduce, and is less expensive [195]. In vitro 

cytotoxicity testing can be useful in evaluating the biocompatibility of new particles at the early 

stages of development. Using in vitro cytotoxicity testing early in a project saves time, money and 

animals [196]. However, in the case of cytotoxicity assays, it is important to know that cell cultures 

are responsive to changes in their environment such as temperature and pH. Therefore, control of 

experimental conditions is an important factor to make sure that the toxicity has been caused by 

the tested nanoparticles but not the fluctuating culturing conditions [195].  

We conducted a colorimetric MTT assay as a form of cytotoxicity study to confirm the 

biocompatibility of the targeted nanoparticles. The goal of the MTT assay is to provide an idea 

about the metabolic activity of the cells. MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-

diphenyltetrazolium bromide) is a yellow colored water soluble tetrazolium salt. It gets converted 
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into a blue colored insoluble formazan crystals with the cleavage of the tetrazolium ring by 

succinate dehydrogenase within the mitochondria. When cells die, they lose the ability to convert 

MTT into formazan i.e. MTT is converted only by metabolically active cells. So, color formation 

serves as a useful marker only for viable cells with active metabolism. 

4.2 Materials  

Tetramethyl orthosilicate (TMOS-98%), Triton X-100 and (3-Aminopropyl)trimethoxysilane 

(APTMS) were purchased from Acros Organics; n-hexanol (99%), fluorescamine, ethanolamine, 

1-Ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC), N-Hydroxysuccinimide (NHS) and 

fluorescein isothiocyanate were purchased from Alfa Aesar; cyclohexane, aqueous ammonia 

solution (29wt% ammonia) and dimethyl sulfoxide (DMSO) were purchased from BDH 

Chemicals; ethanol was purchased from Decon Labs; hyaluronic Acid (8kDa) was purchased from 

Amazon; folic Acid (≥97%) was purchased from Enzo Life Sciences; cetrimonium bromide was 

purchased from Spectrum Chemicals; thiazoyl blue tetrazolium bromide (MTT), sodium acetate 

was purchased from Amresco; acetic acid was purchased from Macron Fine Chemicals; coomassie 

brilliant blue dye was purchased from Bio-Rad; bovine serum albumin was purchased from Sigma 

Aldrich. All chemicals were used without further purification. Deionized water used throughout 

the experiments was purified with an ELGA PURELAB Flex water purification system.  

Cells were purchased from American Type Culture Collection (ATCC). Chinese Hamster Ovary 

(CHO) cells were maintained in Ham’s F-12K nutrient mixture with L-glutamine (Corning cellgro, 

Manassas, VA), supplemented with 10% fetal bovine serum (VWR Life Science Seradigm) and 

1% penicillin/streptomycin (Corning cellgro). Human Colon Adenocarcinoma (HCT116) cells 

were maintained in Dulbecco's Modified Eagles Medium (DMEM)/High Glucose (HyClone, GE 

Healthcare Life Sciences), supplemented with 10% FBS and 1% antibiotics. Both cell lines were 

incubated at 37°C in 5% CO2. 

4.3 Methods 

20,000cells/well were seeded in a 96 well plate and incubated overnight at 37ºC. After incubation, 

the culture media was renewed with culture media containing different concentration of 

nanoparticles. Four hours before the time point of, 2 mg/ml of MTT was added to each well. After 
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4 hours, the culture media of each well was aspirated completely without touching the blue-purple 

crystals of insoluble formazan. DMSO was added to each well to dissolve the crystals. The well 

plate was vortexed for 5 minutes at around 500 rpm with the plate agitator until crystals have 

completely dissolved. Absorbance was measured at 540 nm wavelength using a 

spectrophotometer. Cells without nanoparticle treatment was used as control. The cell viability of 

each nanoparticle sample was measured using the equation,  

 

%Viability = (Absorbance of cells with nanoparticles / Absorbance of control cells) x 100% 

4.4 Results and Discussion 

Cytotoxicity of targeted nanoparticles was evaluated after 24, 48 and 72 hours of nanoparticle 

exposure at doses range of 0.1-100 μg/ml on HCT116 and CHO cells. CHO cell is a commonly 

used cell line for cytotoxicity studies and HCT116 was selected to be used as a colon cancer cell 

model for toxicity studies. We selected the silica nanoparticle exposure time and dosage range 

based on literature because dosage level and exposure time below our selected range did not 

produce significant toxicity in mammalian cells [197-199]. We ran the experiments in triplicates 

and presented the data as mean ± standard deviation. H:F:A is defined as the HA and FA molar 

ratio with respect to surface amine group.  

4.4.1 Exposure concentration 

Nanoparticle concentration is a significant factor that affects toxicity. Figure 32A shows the effect 

of targeted nanoparticle concentration on colon cancer (HCT116) cell viability after 48 hours of 

nanoparticle exposure.  As can be seen from the figure, cell viability of all the nanoparticle 

formulations depended on nanoparticle exposure concentration. The nanoparticles showed higher 

cell viability at 0.1 µg/ml of concentration. Cell viability reduced gradually with increasing 

concentration. One possible explanation based on literature is that, the number of nanoparticles 

interacted with the cells increased gradually with increasing exposure concentration which may 

have generated more ROS and subsequently reduced cell viability [200, 201]. At the highest tested 

concentration i.e. 100 µg/ml, all the nanoparticles exhibited ≥80% cell viability. We observed 

similar trends at other tested time point shown in Figure 32B. 
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Figure 32 – Concentration dependent cytotoxicity study of targeted silica nanoparticle on 
HCT116 cell after A) 48 hours and B) 72 hours 
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4.4.2 Exposure time 

Nanoparticle cytotoxicity is also impacted by exposure time. Figure 33A shows the effect of 

exposure time of targeted nanoparticle on colon cancer (HCT116) cell viability at 0.1 µg/ml of 

nanoparticle concentration.  As can be seen from the figure, cell viability of all the nanoparticle 

formulations performed in an exposure time dependent manner. The nanoparticles showed higher 

cell viability at 24 hours. Cell viability reduced gradually with increasing exposure time. One 

possible explanation based on literature is that, the number of nanoparticles interacted with the 

cells increased gradually with increasing exposure time which may have generated more ROS and 

subsequently reduced cell viability [200, 201]. At the longest tested exposure time i.e. 72 hours, 

nanoparticles exhibited ≥80% cell viability. We observed similar trends at other tested time point 

shown in Figure 33B and C. 
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Figure 33 – Time dependent cytotoxicity study of targeted silica nanoparticle on 

HCT116 cell at A) 0.1 µg/ml, B) 1 µg/ml and C) 10 µg/ml 
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4.4.3 Cell type 

Nanoparticle cytotoxicity varies from cell to cell which depends on cell physiology, proliferation 

rate and membrane characteristics [202]. Figure 34 shows the cell viability profiles of CHO and 

HCT116 cells at different nanoparticle concentrations for different time points. As can be seen 

from the figures, cell viability depends on cell type. We did not observe any effect of nanoparticle 

exposure time and concentration on CHO cell viability. All the nanoparticles showed ≥90% CHO 

cell viability at the tested concentrations and time points. On the other hand, HCT116 colon cancer 

cell showed exposure time and concentration dependent viability i.e. the cell viability reduced with 

exposure time and concentration. All the nanoparticles showed ≥70% HCT116 cell viability at the 

tested concentrations and time points. This can be explained by the difference in interaction 

between nanoparticles and different types of cells. The higher cell viability of CHO cells is due to 

the lower uptake of nanoparticles. Cancer cells on the other hand uptake more nanoparticles 

compared to normal cells because of the overexpression of biomarkers specific to some ligands 

conjugated on the nanoparticles (active targeting). All these make more nanoparticles to interact 

with cancer cells and cause cellular damage. So, nanoparticles are more toxic to cancer cell 

compared to normal cells [203].  
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Figure 34 – Cell type dependent cytotoxicity study of targeted silica nanoparticle on 

A) CHO (24 hours), B) CHO (48 hours), C) HCT116 (24 hours) and D) HCT116 (48 

hours) 

4.4.4 Nanoparticle size 

Nanoparticles possess many physicochemical properties which can impact its cytotoxicity. Figure 

35 shows the cell viability profiles of 3 different sizes of dual targeted nanoparticles. HCT116 cells 

were treated with nanoparticle doses of 0.1-100 μg/ml for 72 hours. It has been observed that the 

smallest nanoparticle showed lowest cell viability and the largest nanoparticle showed highest cell 

viability within the tested concentration range. This trend can be related to nanoparticle size. When 

nanoparticle size decreases, surface area to volume ratio increases. This results in a greater number 

of molecules exposed on the particle surface leading to more interactions with cellular membrane. 

The greater surface area to volume ratio also increases ROS production. Therefore, the smaller the 

nanoparticle size, the higher the surface reactivity which is more toxic to biological systems. 

Moreover, it is also easier for smaller nanoparticles to cross the cell membrane and cause 

intracellular cellular damage compared to larger nanoparticles [202, 204]. 
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Figure 35 – Size dependent cytotoxicity study of targeted silica nanoparticle on HCT116 

cell after 72 hours of nanoparticle exposure 

4.5 Summary 

Cell viability of HCT116 and CHO cells were evaluated by incubating them with targeted 

nanoparticles from 24 to 72 hours at doses range of 0.1-100 μg/ml. While HCT116 cells showed 

time and concentration dependent cell viability, the targeted nanoparticles had no impact on CHO 

cell viability.  However, cell viability for both of the cells remained ~70% at the maximum time 

and concentration tested which is an indication of safe material according to literature.  
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Chapter 5: Receptor Expression Study 

5.1 Motivation  

Cell surface receptor expression plays a prime role in cellular uptake of the nanoparticles. An ideal 

target should have a high expression level on the cancer cell surface for the diagnostic and 

therapeutic application and it should also be highly specific to that cancer [184]. Targeting 

efficiency has been reported to be dependent on the cell surface receptor density and higher 

receptor density correlates with higher nanoparticles uptake [22]. Zhang et al. reported higher 

cellular uptake of hyaluronic acid-methotrexate prodrug self-assembling nanoparticles by HeLa 

cells compared to human lung adenocarcinoma cells (A549) due to the higher expression level of 

folate receptor on HeLa cells compared to A549 cells [17]. Qhattal et al. reported higher cellular 

uptake of hyaluronic acid conjugated liposomes by human lung adenocarcinoma cells (A549) 

compared to human breast cancer cells (MCF7) due to the higher expression level of CD44 

receptor on A549 cells compared to MCF7 cells [22]. So, changes in receptor expression level on 

cell surface can affect the receptor-ligand interaction and consequently cellular uptake of the 

nanoparticles. [205].   

The purpose of this experiment was to assess the expression of the targeted receptors i.e. CD44 

and Folate receptor on various normal cells and colon cancer cells available in the laboratory. This 

study will help us to identify suitable cell models (cancer cell and control cell) for further targeting 

study.  

5.2 Materials 

Alexa Fluor 488 conjugated Rat (IgG2b,k) monoclonal antibody (anti human CD44), its’ isotype 

control, zombie violet dye, fixation buffer were purchased from BioLegend. Alexa Fluor 647 

conjugated Mouse (IgG1) monoclonal antibody (anti human FR) and its’ isotype control were 

purchased from R&D systems. Stain buffer was made by dissolving Bovine Serum Albumin 

(Sigma Aldrich) in 1X Phosphate Buffer Saline (VWR). Block buffer was made by mixing Fetal 

Bovine Serum (VWR) with 1X Phosphate Buffer Saline. All chemicals were used without further 

purification. 
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Cells were purchased from American Type Culture Collection (ATCC). Human Colorectal 

Adenocarcinoma cells (HT-29, HCT-116 and SW-480) were maintained in Dulbecco's Modified 

Eagle’s Medium (HyClone, GE Healthcare Life Sciences) supplemented with 10% FBS (VWR 

Life Science Seradigm), 1% L-glutamine (Corning cellgro, Manassas, VA) and 1% antibiotics. 

Human Epithelial Prostate (RWPE-1) cells were maintained in Keratinocyte Serum Free Medium 

supplemented with EGF and BPE (Gibco). Human Fibroblast (WI38) cells were maintained in 

Eagle’s Minimum Essential Medium (HyClone, GE Healthcare Life Sciences) supplemented with 

10% FBS (VWR Life Science Seradigm) and 1% antibiotics. Human Colorectal Adenocarcinoma 

(Caco-2) cells were maintained in Eagle’s Minimum Essential Medium (HyClone, GE Healthcare 

Life Sciences) supplemented with 20% FBS (VWR Life Science Seradigm) and 1% antibiotics. 

Human Embryonic Kidney (HEK-293) cells were maintained in Eagle’s Minimum Essential 

Medium (HyClone, GE Healthcare Life Sciences) supplemented with 10% FBS (VWR Life 

Science Seradigm). All cell lines were incubated at 37°C in 5% CO2. 

5.3 Methods  

We have evaluated the expression of CD44 and Folate receptor on different mammalian cells with 

a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) containing two lasers (488 

and 635 nm). The instrument had a 533/30 band pass filter to examine the fluorescence emitted by 

488 nm laser excitation and a 675/25 band pass filter to examine the florescence emitted by 635 

nm laser excitation. We measured 10,000 events with a flow rate of 12 μL/min and recorded data 

for 2 minutes.   

For each of the cell line, we have prepared nine eppendorf tubes with proper labeling. First, we 

have seeded 106cells/tube. 1μL/tube of zombie violet was added and kept for 15 minutes at room 

temperature in dark. Cells were washed twice with stain buffer. 5μL/tube of block buffer was 

added and kept for 1 hour at room temperature. 100μg/tube of CD44 and FR antibodies were added 

and kept for 2 hours at room temperature in dark. Cells were washed twice with stain buffer. 0.5 

ml/tube of fixation buffer was added and kept for 1 hour at room temperature in dark. Cells were 

washed twice with stain buffer. Cells were re-suspended in 0.5 ml/tube stain buffer and filtered 

through 40μm filter. Cells were kept in 4°C and away from light before analysis in Flow 
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Cytometer. Unstained cells and cells with isotype antibodies were used as controls. Reagents in 

the 9 tubes were in the following manner- 

Table 2– Reagents in the flow cytometer tubes 

Tube# Unstained 
cells 

CD44 
antibody 

FR 
antibody 

Zombie 
dye 

1 x    
2  x   
3   x  
4    x 
5  x x  
6  x  x 
7   x x 
8  x x x 
9 Mixture of isotype antibodies  

 

5.4 Results and Discussion 

We have evaluated the expression of CD44 and Folate Receptors on 4 different Human Colorectal 

Adenocarcinoma cells (HT-29, HCT-116, Caco-2 and SW-480) and 3 different normal cells - 

Human Fibroblast (WI38) cells, Human Embryonic Kidney (HEK-293) cells and Human 

Epithelial Prostate (RWPE-1) cells. We have analyzed the cells using FACS (Fluorescence 

Activated Cell Sorting) analysis which is a technique of flow cytometry. In this technique, we have 

investigated the cells with common characteristics and eliminated results from dead cells, debris 

and doublets using sequential gating process.  For each of the cell line, we have presented the data 

in dot plots and histograms. The dot plots show the relationship between 2 parameters on a scatter 

plot with each event being represented as a single dot. In this study, the dot plots are showing the 

relationship between CD44 and FR positive cells. We have used quadrant gate in the dot plots. 

Top right quadrant shows the % of cells positive for both receptors, bottom right one for CD44 

positive cells, bottom left one shows the % of cells negative for both receptors and top left one for 

FR positive cells. Histograms are plots of single parameter where the Y axis represents the number 

of events (cell count) that show a given fluorescence and the X axis represents the relative 

fluorescence intensity detected in a single channel. If a large number of events show a specific 

fluorescence intensity, it is identified as a peak on the histogram.  
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5.4.1 Colon cancer cells 

Figure 36 shows the histogram of CD44 fluorescence of the 4 colon cancer cells. As can be seen 

from the figure, all the cancer cell lines except Caco2 express the CD44 receptor because the cells 

stained with CD44 antibody showed much higher fluorescence intensity compared to the unstained 

and control cells. However, the expression level of CD44 is not same in all the cell lines. Based 

on the fluorescence intensity, SW480 cells showed ~5 and ~8.5 fold higher expression of CD44 

than HCT116 and HT29 cell lines. 

 

 

Figure 36 – Histogram with associated CD44 fluorescence of A) HT29, B) HCT116,  

C) SW480 and D) Caco2 cell lines 
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Figure 37 shows the histogram of FR fluorescence of the 4 colon cancer cells. As can be seen from 

the figure, all the cancer cell lines express the FR because the cells stained with FR antibody 

showed much higher fluorescence intensity compared to the unstained and control cells. However, 

the expression level of FR is not same in all the cell lines. Based on the fluorescence intensity, 

HT29 and HCT116 cell lines showed very similar expression of FR whereas SW480 and Caco2 

cell lines were on the similar level. The later pair showed ~2 fold higher expression of FR than the 

former. 

 

 

Figure 37 – Histogram with associated FR fluorescence of A) HT29, B) HCT116, C) SW480 

and D) Caco2 cell lines 
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Figure 38 shows the dot plots of receptor positivity. As can be seen from the figure, 59% of HT29 

cells, 74% of HCT116 cells and 85% of SW480 cells are positive for both CD44 and FR whereas 

only 9% of Caco2 cells show positivity for both receptors.  

 

 
 

 

Figure 38 – Dot plots for receptor positivity of A) HT29, B) HCT116, C) SW480 and  

D) Caco2 cell lines 
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5.4.2 Normal cells 

Figure 39 shows the histogram of CD44 fluorescence of the 3 normal cells. Based on the 

fluorescence intensity from the figure, it can be stated that all the normal cell lines express the 

CD44 receptor at different level. WI38 cells showed the highest expression level followed by 

HEK293 and RWPE1 cell lines. 

 

 

Figure 39 – Histogram with associated CD44 fluorescence of A) RWPE1, B) HEK293 and  

C) WI38 cell lines 
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Figure 40 shows the histogram of FR fluorescence of the 3 normal cells. Based on the fluorescence 

intensity from the figure, it can be said that all the normal cell lines except WI38 express the folate 

receptor at different level. HEK293 cells showed ~5.5 fold higher expression of FR than RWPE1 

cell line. For WI38 cell line, the fluorescence intensity of the isotype control is similar to that of 

FR antibody which is why there is lack of presence of FR on WI38 cell line.  

 

 

Figure 40 – Histogram with associated FR fluorescence of A) RWPE1, B) HEK293 and   

C) WI38 cell lines 
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Figure 41 shows the dot plots of receptor positivity. As can be seen from the figure, 60% of 

RWPE1 cells and 93% of HEK293 cells are positive for both CD44 and FR whereas only ~1% of 

WI38 cells show positivity for both receptors.  

 

 

 

 

Figure 41 – Dot plots for receptor positivity of A) RWPE1, B) HEK293 and C) WI38 cell 

lines 
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5.5 Summary 

The expression of CD44 and FR were evaluated using Flow Cytometer on four different colon 

cancer cell lines and three different normal cell lines available in the laboratory. All the cancer and 

normal cells except Caco2 and WI38 expressed both of the receptors. WI38 expressed only CD44 

and Caco2 expressed only folate receptors. 85% of the SW480 cells expressed both of the receptors 

and the expression level for each of the receptor was higher compared to other cell lines. Based on 

this study, we have decided to use SW480 cell line as positive for both receptors, WI38 cell line 

as positive for only CD44 receptor and Caco2 cell line as positive for only folate receptor in the 

cellular targeting experiment.  
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Chapter 6: Immunohistochemical Staining (IHC) staining of Neuroendocrine tumor  

 

6.1 Motivation  

Neuroendocrine tumors (NETs) emerge from the neuroendocrine cells of the endocrine system. It 

is a slow growing malignant tumor of heterogeneous nature [206-210]. This tumor is most 

commonly found in gastrointestinal tract, lung and pancreas but may also grow in breast, prostate 

and skin [206, 208, 209]. NETs are divided into well differentiated (low grade tumor i.e. grade 1 

and 2) and poorly differentiated (high grade tumor i.e. grade 3) tumors [208, 209]. NET biomarkers 

are divided into specific markers (Serotonin, Gastrin, Insulin, Glucagon and Somatostatin) and 

non-specific markers (Chromogranin A, Neuron-specific enolase, Pancreatic polypeptide and 

Human Chorionic Gonadotropin) [210]. NETs can be diagnosed by pathology testing, hormonal 

testing, diagnostic imaging (Computed Tomography or Magnetic Resonance Imaging) and 

endoscopic imaging (Ultrasonography) [208]. Major treatment options for NETs are surgery, 

chemotherapy, radiopeptide therapy, somatostatin analogues, vascular endothelial growth factor 

inhibitors etc. [211].  

The purpose of this experiment was to analyze the expression of CD44 and FR in NET tissues of 

actual patients using Immunohistochemical (IHC) staining. IHC is a technique used to detect the 

presence and location of specific antigens in tissue sections. IHC staining is conducted with 

antibodies which bind to specific antigens. The antigen-antibody interaction is then visualized 

either with chromogenic detection or with fluorescent detection using fluorescence microscopy. 

The fluorescent detection can be ‘direct’ where the fluorophore is conjugated to the primary 

antibody or ‘indirect’ where the fluorophore is conjugated to the secondary antibody that binds to 

the primary antibody.  

6.2 Materials  

CD44 Recombinant Rabbit Monoclonal Antibody, Rabbit IgG Isotype Control, FOLR1 

Monoclonal Antibody, Mouse IgG1 kappa Isotype Control, Alexa Fluor 647 conjugated Goat anti-

mouse IgG1 Secondary Antibody, 2.5% normal goat serum and DAPI (4',6-Diamidino-2-

Phenylindole, Dihydrochloride) were purchased from ThermoFisher Scientific. Alexa Fluor 555 

conjugated Goat Anti-Rabbit IgG Secondary Antibody were purchased from Abcam. Xylene was 
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purchased from Thomas Scientific. Cytoseal mounting medium and 1X Phosphate Buffer Saline 

were purchased from VWR. All chemicals were used without further purification. 

The study included 3 slides of neuroendocrine tumor of 3 different grades from actual patients. 

Formalin-fixed paraffin-embedded (FFPE) tumor tissue sections were mounted onto glass slides. 

Tissue slides were kept in room temperature until use.  

6.3 Method 

Multiplex Immunohistochemical (IHC) staining was used to analyze the expression of CD44 and 

FR on the slides. Slides were heated in an oven at 60°C for 2 hours prior to use.  

6.3.1 Step 1 – De-paraffinization and Rehydration  

Tissue sections were de-paraffinized using organic solvents (xylene, 100%, 3x) and an alcohol 

series (ethanol, 100%, 70%, 30%, 1x each). Tissue sections were hydrated using distilled water 

(2x). 

6.3.2 Step 2 – Heat Induced Antigen Retrieval   

Tissue slides were immersed in 100 ml of 10 mM sodium citrate buffer (pH 6). Slides were heated 

in a microwave for 1 minute at power level 10 and 5 minutes at power level 1. Slides were cooled 

for 15 minutes at room temperature and then washed with PBS (3x). 

6.3.3 Step 3 – Staining    

100µl of 2.5% normal goat serum was applied over the tissue section to inhibit non-specific 

binding of the antibodies. Slides were incubated for 1 hour at room temperature in a humidified 

chamber. Slides were washed with PBS (3x). 100 µl of 1 µg/ml primary antibody for CD44 was 

applied over the tissue section and incubated overnight at room temperature in a humidified 

chamber. Slides were washed with PBS (3x). 100 µl of 1 µg/ml secondary antibody for CD44 was 

applied over the tissue section and incubated for 1 hour at room temperature in a humidified 

chamber. Slides were washed with PBS (3x). Same procedure was followed for FR antibody. 75µl 

of DAPI was applied over the tissue section and incubated for 5 minutes at room temperature in a 

humidified chamber. Slides were washed with PBS (3x).  
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6.3.4 Step 4 – Mounting and Imaging    

Mounting medium was added on the slide and coverslip was placed. Antibody staining was 

observed and images were taken with fluorescent microscope. Slides were stored at -20oC before 

further use.  

6.4 Results and Discussion  

For qualitative analysis, we have taken images from 10 different locations of each slide. We have 

used 10x magnification under 3 fluorescent channels to take images of cell nucleus (DAPI), CD44 

(RFP) and FR (Cy5). For quantitative analysis, we have used ImageJ software.  

6.4.1 Qualitative analysis – Receptor expression 

Figure 42-44 show the immunofluorescence images of grade 1, 2 and 3 NET tissues respectively. 

Images are of nuclei stained with DAPI (blue), CD44 (red) and FR (yellow) stained with their 

respective antibodies on 10 different locations of each grade slide. As can be seen from the 

qualitative images, both CD44 and FR showed some fluorescence signals around the cell nucleus 

which marks their existence in NETs. However, CD44 showed stronger fluorescence signal 

compared to FR in all 3 grades which gives us an idea about higher expression of CD44 compared 

to FR in NETs. From the qualitative images it is difficult to make a conclusion about the 

dependence of receptor expression intensity on tumor grade since the locations were random in 

each grade.   
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Figure 42 – IHC staining on Grade 1 NET   
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Figure 43 – IHC staining on Grade 2 NET     
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Figure 44 – IHC staining on Grade 3 NET   

 

6.4.2 Semi-quantitative analysis – Receptor expression 

Percentage area positivity for CD44 and FR were compared among grade 1, 2 and 3 NET tissues. 

Figure 45 and 46 show the percentage area positivity for CD44 and FR respectively on 10 different 

locations of each grade slide. As can be observed from figure 45, grade 1 and 2 showed similar 

percentage of area positivity for CD44 receptor. However, grade 3 showed much higher percentage 

of area positivity for CD44 receptor compared to the other 2 grades. Figure 46 showed that there 

was a stepwise increase in the percentage area positivity for FR with tumor grade. So, it can be 
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concluded from the figures that density of CD44 and FR depend on tumor grade and it increases 

with tumor stage. Comparison between CD44 and FR area positivity showed that grade 1 and 3 

had higher percentage of area positivity for CD44 compared to FR which can be correlated with 

our qualitative results. 

 

Figure 45 – Semi-quantitative analysis of CD44 expression on NET   

%
A

re
a 

po
si

tiv
ity

0

1

2

3

4

5

6

CD44
Grade 1 Grade 2 Grade 3



 89 

 

Figure 46 – Semi-quantitative analysis of FR expression on NET   

6.4.3 Qualitative analysis – Targeted nanoparticle  

Next, we have applied a non-targeted nanoparticle and a dual targeted nanoparticle 

(H:F:A=1.25:9:1) in the NET tissue of grade 3. Figure 47 show the qualitative images from 4 

different regions (out of 6) of each sample. As can be seen from the images, both types of 

nanoparticles showed some fluorescence signals in the tissues. However, targeted NP showed 

comparatively stronger fluorescence than the non-targeted one which gives us an idea about their 

targeting efficacy.  
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Figure 47 – IHC staining on Grade 3 NET by nanoparticle 
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6.4.4 Semi-quantitative analysis – Targeted nanoparticle 

From figure 48 which is the semi-quantitative analysis of 6 different regions under each slide, it 

can be observed that, the dual targeted nanoparticle showed much higher percentage of area 

positivity compared to the non-targeted one which gives us an idea about their targeting efficacy. 

This could be due to the CD444-HA and FA-FR interactions since we have observed the existence 

of our 2 targeted receptors in NETs.  

 

Figure 48 – Semi-quantitative analysis of NET targeting by nanoparticle 

6.5 Summary  

The expression of CD44 and FR were evaluated using IHC staining on 3 different grades of NET 

tissues. From the preliminary results, it can be concluded that NETs have higher expression of 
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targeted nanoparticle showed much higher percentage of area positivity compared to the non-

targeted one which gives us an idea about their targeting efficacy. However, experiment with other 

targeted nanoparticles on different grades of NETs is required to study the impact of nanoparticle 

ligand density on targeting of different grades of tumor tissues from actual patients.  
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Chapter 7: Cellular Uptake of Targeted Silica Nanoparticles  

 

7.1 Motivation  

The success of the nanoparticles developed for delivering different molecules (i.e. genes, drugs, 

and contrast agents) to the nucleus and other intracellular sites depends on their intracellular fate. 

To achieve high therapeutic efficacy, nanoparticles safe passage to the cells is an important step 

[42]. Nanoparticle surface is modified with targeting ligands which recognize and bind to 

overexpressed specific biomarkers on cancer cells [5, 8, 12, 13] and deliver chemotherapeutic drug 

to the cancer cells. This specific targeting increases the concentration of the cytotoxic drug at the 

cancer site and reduces non-specific toxicity [9, 10, 14]. Targeted nanoparticles can also deliver 

the imaging agent to the cancer cells. However, for efficient cancer targeting, the targeted receptors 

should be exclusively overexpressed by the cancer cells and this expression should be 

homogeneous on all the targeted cancer cells [9, 26, 31]. Multiple receptors targeting is also 

necessary because of the heterogeneous nature of the cancer cell [16] and expression of some 

targeted receptors on normal cells [17]. Apart from the cell surface receptor, cancer targeting 

efficiency also depends on the targeting ligand’s density, binding affinity and selectivity towards 

targeted receptor [26, 38]. The targeting ligand should have high specificity and binding affinity 

towards the targeted receptor which will strengthen their interaction. It should also possess low 

immunogenicity. Another way to increase the cancer cell targeting efficiency is to conjugate dual 

targeting ligands on the nanoparticle surface. While single targeted nanoparticles target only one 

type of cell surface receptor, dual targeted nanoparticles simultaneously target two different types 

of cell surface receptors which enhances the targeting potency of the nanoparticles. In order to 

evaluate the targeting efficacy of the nanoparticles, we conducted qualitative and quantitative in 

vitro cellular uptake studies.  

 

7.2 Materials  

Tetramethyl orthosilicate (TMOS-98%), Triton X-100 and (3-Aminopropyl)trimethoxysilane 

(APTMS) were purchased from Acros Organics; n-hexanol (99%), fluorescamine, ethanolamine, 

1-Ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC), N-Hydroxysuccinimide (NHS) and 

fluorescein isothiocyanate were purchased from Alfa Aesar; cyclohexane, aqueous ammonia 

solution (29wt% ammonia), sodium hydroxide and dimethyl sulfoxide (DMSO) were purchased 
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from BDH Chemicals; ethanol was purchased from Decon Labs; hyaluronic Acid (8kDa) was 

purchased from Amazon; folic Acid (≥97%) was purchased from Enzo Life Sciences; cetrimonium 

bromide was purchased from Spectrum Chemicals; thiazoyl blue tetrazolium bromide (MTT), 

sodium acetate was purchased from Amresco; acetic acid was purchased from Macron Fine 

Chemicals; coomassie brilliant blue dye was purchased from Bio-Rad; bovine serum albumin was 

purchased from Sigma Aldrich. 1X Phosphate Buffer Saline was purchased from VWR. DAPI 

(4′,6-diamidino-2-phenylindole) was purchased from ThermoFisher Scientific. All 

chemicals were used without further purification. Deionized water used throughout the 

experiments was purified with an ELGA PURELAB Flex water purification system.  

Cells were purchased from American Type Culture Collection (ATCC). Human Colorectal 

Adenocarcinoma cells (SW-480) were maintained in Dulbecco's Modified Eagle’s Medium 

(HyClone, GE Healthcare Life Sciences) supplemented with 10% FBS (VWR Life Science 

Seradigm), 1% L-glutamine (Corning cellgro, Manassas, VA) and 1% antibiotics. Human 

Fibroblast (WI38) cells were maintained in Eagle’s Minimum Essential Medium (HyClone, GE 

Healthcare Life Sciences) supplemented with 10% FBS (VWR Life Science Seradigm) and 1% 

antibiotics. Human Colorectal Adenocarcinoma (Caco-2) cells were maintained in Eagle’s 

Minimum Essential Medium (HyClone, GE Healthcare Life Sciences) supplemented with 20% 

FBS (VWR Life Science Seradigm) and 1% antibiotics. All cell lines were incubated at 37°C in 

5% CO2. 

7.3 Methods 

7.3.1 Quantitative cellular uptake 

40,000cells/well were seeded in a 96 well plate and incubated overnight at 37ºC. After overnight 

incubation, the culture media was renewed with culture media containing different concentration 

of nanoparticles. Plates with each nanoparticle concentration was incubated for desired time point. 

Then the media was aspirated and kept to a different 96 well-plate. The cells were thoroughly 

rinsed thrice with ice cold 1X PBS (pH 7.4, 4 °C) to eliminate excess nanoparticles and dead cells. 

Then the cells were lysed using lysis buffer for 60 minutes at room temperature. After lysis, the 

well plate was vortexed for 5 minutes at 500 rpm. The fluorescence intensity of FITC associated 

with the cells and the media were measured in the lysis buffer extract and the aspirated culture 
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media respectively by a fluorescent spectrophotometer at an excitation wavelength of 495 nm and 

emission wavelength of 525 nm. Then the fluorescence was converted to the number of 

internalized nanoparticles based on the standard curve obtained with known nanoparticle 

concentration in the lysis buffer and culture media using fluorescent spectrophotometer. Cells 

without nanoparticle treatment was used as control.  

 

Cellular uptake of each nanoparticle sample was calculated using the equation,  

% Uptake = !"#$%&'(&)(&	$+	(&""	,''$(-,.&/	),)$0,%.-("&
!"#$%&'(&)(&	$+	),)$0,%.-("&	,//&/

 x 100% 

Selectivity of each nanoparticle sample was calculated using the equation,  

Selectivity = 1$)(&).%,.-$)	$+	),)$0,%.-("&	#0.,2&)	34	56789	(&""
1$)(&).%,.-$)	$+	),)$0,%.-("&	#0.,2&)	34	6:;8	$%	1,($<	(&""

  

Distribution co-efficient of each nanoparticle sample was calculated using the equation,  

Distribution co-efficient = 1$)(&).%,.-$)	$+	),)$0,%.-("&	#0.,2&)	34		(&""
1$)(&).%,.-$)	$+	),)$0,%.-("&	-)	.=&	>&/-,

  

 

We have followed the same protocol while conducting the competitive inhibition study with an 

exception that the cells were incubated with different concentration of free ligand mixture for 3 

hours before nanoparticle addition.  

 

7.3.2 Qualitative cellular uptake 

100,000cells/well were seeded in a 6 well plate and incubated overnight at 37ºC. After incubation, 

the culture media was renewed with culture media containing different concentration of 

nanoparticles. Plates with each nanoparticle concentration was incubated for desired time point. 

The cells were thoroughly rinsed thrice with ice cold 1X PBS (pH 7.4, 4 °C) to eliminate excess 

nanoparticles and dead cells. Then the cells were fixed with 4% paraformaldehyde for 1 hour at 

room temperature. The cells were thoroughly rinsed thrice with ice cold 1X PBS (pH 7.4, 4 °C). 

Then the cells were stained with 300nM DAPI solution for 5 minutes in the dark at room 

temperature. The cells were thoroughly rinsed thrice with ice cold 1X PBS (pH 7.4, 4 °C). Finally, 

the cells were viewed under a fluorescence microscope. Cells without nanoparticle treatment was 

used as control.  
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7.4 Results and Discussion  

Initially, we have conducted the cellular uptake study based on nanoparticle exposure time, 

concentration, and free ligand concentration (competitive inhibition study). For these experiments 

we have incubated SW480 cancer cell line with nanoparticle samples of high yields. After 

optimizing nanoparticle exposure time and concentration we have conducted the cellular uptake 

study of targeted nanoparticles with SW480 (positive for both receptors), WI38 (positive for CD44 

only) and Caco2 (positive for FR only) cell lines. We have also calculated the selectivity and 

distribution co-efficient of the targeted nanoparticles from their respective uptake studies. We ran 

the experiments in triplicates and presented the data as mean ± standard deviation. H:F:A is defined 

as the HA and FA molar ratio with respect to surface amine group.  

7.4.1 Exposure concentration 

Nanoparticle concentration is a significant factor that affects cellular targeting. Figure 49A shows 

the effect of targeted nanoparticle concentration on colon cancer (SW480) cell targeting after 4 

hours of nanoparticle exposure.  As can be seen from the qualitative images, cellular uptake of the 

nanoparticle formulations depended on nanoparticle exposure concentration. A weak green 

fluorescence signal was observed around the cell nucleus when 0.1 mg/ml of targeted nanoparticles 

were incubated with cells. In contrast, a strong green fluorescence signal was observed around the 

cell nucleus when 0.4 mg/ml of targeted nanoparticles were incubated with cells [162]. The 

number of nanoparticles internalized by the cells increased gradually with increasing exposure 

concentration which resulted in this strong green fluorescence. We observed similar trends at other 

nanoparticle formulation shown in Figure 49B. 
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Figure 49 – Concentration dependent cellular uptake study of targeted silica nanoparticle 
on SW480 cell A) H:F:A=0.75:9:1 and B) H:F:A=1:9:1 
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from the figure, cellular uptake of the nanoparticle formulations performed in a nanoparticle 

concentration dependent manner. All the nanoparticles showed lower cellular uptake at 0.1 mg/ml 

concentration. Cellular uptake increased gradually with increasing nanoparticle concentration. The 

uptake reached a plateau at 0.3 mg/ml concentration indicating about the uptake saturation of 

nanoparticles by the cells [212].  

 

Figure 50 – Concentration dependent cellular uptake study of targeted silica nanoparticle 
on SW480 cell  

7.4.2 Exposure time 

Nanoparticle targeting of cell is also impacted by exposure time. Figure 51A shows the effect of 

targeted nanoparticle exposure time on colon cancer (SW480) cell targeting when incubated with 

0.3 mg/ml of nanoparticle.  As can be seen from the qualitative images, cellular uptake of the 

nanoparticle formulations depended on nanoparticle exposure time. A weak green fluorescence 

signal was observed around the cell nucleus when the targeted nanoparticles were incubated with 

cells for 1 hour. In contrast, a strong green fluorescence signal was observed around the cell 

nucleus when the targeted nanoparticles were incubated with cells for 4 hours [162]. The number 

of nanoparticles internalized by the cells increased gradually with increasing exposure time which 
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resulted in this strong green fluorescence. We observed similar trends at other nanoparticle 

formulation shown in Figure 51B. 

                                                                                                    

   

   

   

   

Figure 51 – Time dependent cellular uptake study of targeted silica nanoparticle on SW480 
cell A) H:F:A=0.5:9:1 and B) H:F:A=1.25:9:1 
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Nanoparticle exposure time dependent cellular uptake was further confirmed by quantitative study 

with fluorescence plate reader. Figure 52 shows the effect of targeted nanoparticle exposure time 

on colon cancer (SW480) cell targeting when incubated with 0.3 mg/ml of nanoparticle.  As can 

be seen from the figure, cellular uptake of the nanoparticle formulations performed in an exposure 

time dependent manner. All the nanoparticles showed lower cellular uptake when incubated for 

0.5 hour. Cellular uptake increased gradually with increasing nanoparticle exposure time. The 

uptake reached a plateau at 3 hours suggesting about the uptake saturation of nanoparticles by the 

cells [213].  

 

Figure 52 – Exposure time dependent cellular uptake study of targeted silica nanoparticle 
on SW480 cell  

7.4.3 Competitive inhibition study 

We have conducted the competitive inhibition study to confirm the interaction between HA-CD44 

receptor and FA-folate receptor. Figure 53 shows the competitive inhibition study on colon cancer 

(SW480) cell targeting when pre-incubated with different concentration of free ligand mixture.  As 

can be seen from the figure, pre-incubation of SW480 cells with free HA and FA mixture resulted 

in an inhibited amount of nanoparticle uptake by the cells compared to the non-incubated ones. 
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the CD44 and FR respectively, which blocked the receptors and prevented the nanoparticles from 

targeting the receptors. This lack of targeting eventually reduced the cellular uptake [18, 159, 172, 

214]. The uptake decreased gradually with increasing free ligand concentration because with an 

enhancement of free ligand concentration, more receptors were getting blocked which prevented 

targeting. The uptake reached a plateau at 1 mg/ml indicating the possible uptake saturation of 

nanoparticles by the cells. These results confirmed that the uptake of the targeted nanoparticles 

was based on HA-CD44 receptor and FA- FR interactions. 

 

Figure 53 – Free ligand concentration dependent cellular uptake study of targeted silica 
nanoparticle on SW480 cell  

7.4.4 Cellular uptake  
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cell line. As can be observed from the figure, for FA conjugated single targeted nanoparticles i.e. 

at H:A=0, increase in F:A molar ratio from 0 to 9 significantly increased the cellular uptake due 

to the presence of FR on SW480 cell line. For dual targeted nanoparticles i.e. at H:A≥0.5, increase 
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to our FA conjugation data where increase in F:A molar ratio from 0 to 7 didn’t significantly 

change the nanoparticle surface coverage by FA and the highest conjugation was achieved at 

F:A=9. This increase in cellular uptake could be due to FA-FR mediated endocytosis because 

SW480 cell line is positive for FR [189, 190]. Since SW480 cell line showed higher expression of 

CD44 compared to FR, different conjugation of HA on nanoparticle surface impacted the FA-FR 

interaction and subsequent cellular uptake. One interesting trend we observed here is that the 

cellular uptake increased when H:A molar ratio increased from 0 to 0.5 but the uptake decreased 

with further increase in H:A molar ratio up to 1.25. The reason behind the increased uptake with 

increasing ligand density could be HA-CD44 mediated endocytosis because SW480 cell line is 

also positive for CD44 [215, 216]. One possible reason behind the decreased uptake with further 

increase in ligand density could be steric crowding according to literature. Due to steric crowding, 

the conformation and reactivity of the ligands to effectively bind to the receptors get restricted 

with the addition of each ligand on the nanoparticle surface which eventually reduces the uptake 

[49, 184, 217, 218].  

 

Figure 54 – Cellular uptake study of targeted silica nanoparticle on SW480 cell  
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Figure 55 shows the cellular uptake of the targeted silica nanoparticles on WI38 cell line. As can 

be observed from the figure, for FA conjugated single targeted nanoparticles i.e. at H:A=0, 

increase in F:A molar ratio from 0 to 3 increased the cellular uptake. However, further increase in 

F:A molar ratio from 3 to 9 didn’t significantly change the cellular uptake which could be due to 

very poor expression of FR on WI38 cell line. At H:A≥0.5, increase in F:A molar ratio from 0 to 

9 reduced the cellular uptake. This trend can be correlated to our HA conjugation data where 

increase in F:A molar ratio from 0 to 9 reduced the nanoparticle surface coverage by HA. Since 

WI38 cell line is positive for CD44, increase in F:A molar ratio reduced the subsequent HA-CD44 

interaction. The minimum cellular uptake for H:A=0.5 reached at F:A=9, for H:A=0.75 at F:A=7, 

for H:A=1 at F:A=5 and for H:A=1.25 at F:A=3. The minimum cellular uptake for H:A≥0.75 

continued up to F:A=9. Increase in H:A molar ratio reduces FA conjugation on nanoparticle 

surface and subsequent cellular uptake by FA-FR endocytosis. That is why the minimum cellular 

uptake for higher H:A molar ratio reached at lower FA conjugation. One interesting trend we 

observed here is that the cellular uptake increased when H:A molar ratio increased from 0 to 0.75 

which could be due to HA-CD44 mediated endocytosis since WI38 cell line is positive for CD44 

receptor [215, 216]. But the uptake decreased with further increase in H:A molar ratio up to 1.25 

which could be due to steric crowding according to literature [49, 184, 217, 218].  

 

Figure 55 – Cellular uptake study of targeted silica nanoparticle on WI38 cell  
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Figure 56 shows the cellular uptake study of the targeted silica nanoparticles on Caco2 colon 

cancer cell line. As can be observed from the figure, at H:A≥0, increase in F:A molar ratio from 0 

to 7 didn’t significantly change the cellular uptake. The maximum cellular uptake was observed 

when F:A molar ratio was further increased to 9. Although, the maximum cellular uptake for 

H:A=0.5 and 1.25 reached at F:A=7, it was still maintained at F:A=9. This trend can be correlated 

to our FA conjugation data where increase in F:A molar ratio from 0 to 7 didn’t significantly 

change the nanoparticle surface coverage by FA and the highest conjugation was achieved at 

F:A=9. This increase in cellular uptake could be due to FA-FR mediated endocytosis because 

Caco2 cell line is positive for FR [189, 190]. One interesting trend we observed here is that the 

cellular uptake increased when H:A molar ratio increased from 0 to 0.5. Although Caco2 cell line 

is positive for FR, ~10% cells showed positivity for CD44 in our flow cytometry study and the 

HA-CD44 mediated endocytosis could correspond to this uptake increase [215, 216]. However, 

the uptake decreased with further increase in H:A molar ratio up to 1.25. One possible reason can 

be the steric crowding according to literature [49, 184, 217, 218]. 

 

 

Figure 56 – Cellular uptake study of targeted silica nanoparticle on Caco2 cell  
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7.4.5 Selectivity 

Figure 57 shows the selectivity of the targeted silica nanoparticles by comparison of the cancer 

cell with both CD44 and FR available (SW480) to the control cell with just CD44 available 

(WI38). As can be seen from the figure, the targeted nanoparticles showed higher selectivity with 

an increase in F:A molar ratio. With an enhancement of FA conjugation on nanoparticle surface 

the nanoparticles lead to target the cancer cell while limitedly target the control cell due to very 

low expression of FR on control cell. For H:A≥0, the highest selectivity was achieved at F:A=9. 

The targeted nanoparticles showed selectivity reduction with an increase in H:A molar ratio from 

0 to 1.25. With an enhancement of HA conjugation on nanoparticle surface the nanoparticles lead 

to target both the cancer and control cells due to presence of CD44 on both types of cells. For 

F:A≥0, the highest selectivity was achieved at H:A=0. 

 
 

Figure 57 – Selectivity of targeted silica nanoparticle (SW480:WI38) 

Figure 58 shows the selectivity of the targeted silica nanoparticles by comparison of the cancer 
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surface the nanoparticles lead to target both the cancer and control cells due to presence of FR on 

both types of cells. But the selectivity got increased due to the difference in relative change of 

uptake between the 2 types of cells. For H:A=0, the highest selectivity was achieved at F:A=9.At 

H:A≥0.5, the targeted nanoparticles showed selectivity reduction with an increase in F:A molar 

ratio. With an enhancement of FA conjugation on the nanoparticle surface the nanoparticles lead 

to target both the cancer and control cells due to expression of FR by both types of cells. But the 

selectivity got reduced due to the difference in relative change of uptake between the 2 types of 

cells. For H:A≥0.5, the highest selectivity was achieved at F:A=0. The targeted nanoparticles 

exhibited selectivity reduction with an increase in H:A molar ratio from 0.5 to 1.25. With an 

enhancement of HA conjugation on nanoparticle surface the nanoparticles lead to target the cancer 

cell while limitedly target the control cell due to very low expression of CD44 on control cell. For 

H:A≥0.5, the highest selectivity was achieved at H:A=0.5. 

 

Figure 58 – Selectivity of targeted silica nanoparticle (SW480:Caco2) 
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7.4.6 Distribution co-efficient 

Figure 59 shows the distribution co-efficient of the targeted silica nanoparticles on SW480 colon 

cancer cell line. As can be observed from the figure, at H:A≥0.75, increase in F:A molar ratio from 

0 to 7 didn’t significantly change the nanoparticle distribution. The maximum distribution was 

observed when F:A molar ratio was increased to 9. This trend can be correlated to our FA 

conjugation data where increase in F:A molar ratio from 0 to 7 didn’t significantly change the 

nanoparticle surface coverage by FA and the highest conjugation was achieved at F:A=9. This 

increase in distribution could be due to FA-FR mediated endocytosis because SW480 cell line is 

positive for FR [189, 190]. Since SW480 cell line showed higher expression of CD44 compared 

to FR, different conjugation of HA on nanoparticle surface impacted the FA-FR interaction and 

subsequent nanoparticle distribution. The distribution co-efficient increased when H:A molar ratio 

increased from 0 to 0.5 but the co-efficient decreased with further increase in H:A molar ratio up 

to 1.25. While the reason behind increased distribution with increasing ligand density could be 

HA-CD44 mediated endocytosis because SW480 cell line is positive for CD44 also [215, 216], 

the reason behind decreased distribution with further increase in ligand density could be steric 

crowding based on literature [49, 184, 217, 218]. 

 

Figure 59 – Distribution co-efficient of targeted silica nanoparticle on SW480 cell  

0

0.5

1

1.5

2

2.5

0 2 4 6 8 10

D
is

tri
bu

tio
n 

co
-e

ff
ic

ie
nt

F:A molar ratio

SW480

H:A=0 H:A=0.5 H:A=0.75 H:A=1 H:A=1.25



 108 

Figure 60 shows the distribution co-efficient of the targeted silica nanoparticles on WI38 cell line. 

As can be observed from the figure, for FA conjugated single targeted nanoparticles i.e. at H:A=0, 

increase in F:A molar ratio from 0 to 3 increased the nanoparticle distribution to cell. However, 

further increase in F:A molar ratio from 3 to 9 didn’t have any significant impact on the distribution 

co-efficient due to very poor expression of FR on WI38 cell line. This trend can be correlated to 

our HA conjugation data where increase in F:A molar ratio from 0 to 9 reduced the nanoparticle 

surface coverage by HA. Since WI38 cell line is positive for CD44, increase in F:A molar ratio 

reduced the subsequent HA-CD44 interaction. The minimum distribution co-efficient for H:A=0.5 

reached at F:A=9, for H:A=0.75 at F:A=7, for H:A=1 at F:A=5 and for H:A=1.25 at F:A=3. The 

minimum distribution co-efficient for H:A≥0.75 continued up to F:A=9. Increase in H:A molar 

ratio reduced the FA conjugation on nanoparticle surface and subsequent cellular uptake by FA-

FR endocytosis. That is why the minimum distribution co-efficient for higher H:A molar ratio 

reached at lower FA conjugation. One interesting trend we observed here is that the distribution 

co-efficient increased when H:A molar ratio increased from 0 to 0.75 which could be due to HA-

CD44 mediated endocytosis since WI38 cell line showed positivity for CD44 receptor [215, 216]. 

But the distribution co-efficient decreased with further increase in H:A molar ratio up to 1.25 

which could be due to steric crowding based on literature [49, 184, 217, 218]. 

 

 

Figure 60 – Distribution co-efficient of targeted silica nanoparticle on WI38 cell  
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Figure 61 shows the distribution co-efficient of the targeted silica nanoparticles on Caco2 colon 

cancer cell line. As can be observed from the figure, at H:A=0, increase in F:A molar ratio from 0 

to 3 increased the distribution co-efficient. However, further increase in F:A molar ratio from 3 to 

9 didn’t have any significant impact on the distribution co-efficient. At H:A≥0.5, increase in F:A 

molar ratio increased the distribution co-efficient and reached a plateau at F:A=7. Since Caco2 cell 

line is positive for FR, increase in F:A molar ratio increased the nanoparticle distribution to cell 

due to FA-FR mediated endocytosis [189, 190]. The distribution co-efficient increased when H:A 

molar ratio increased from 0 to 0.5 which could be due to the HA-CD44 mediated endocytosis 

since ~10% of Caco2 cells showed positivity for CD44 in our flow cytometry study [215, 216]. 

However, the distribution decreased with further increase in H:A molar ratio up to 1.25 which 

could be due to steric crowding according to literature [49, 184, 217, 218]. 

 

 

Figure 61 – Distribution co-efficient of targeted silica nanoparticle on Caco2 cell  
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7.5 Summary  

We have conducted the cellular uptake study using SW480 (positive for both receptors), WI38 

(positive for CD44) and Caco2 (positive for FR) cells. Cellular uptake of nanoparticles showed to 

function in an exposure time and concentration dependent manner. Competitive inhibition study 

confirmed that the uptake of the targeted nanoparticles was based on HA-CD44 and FA-FR 

interactions.  

WI38 cells exhibited higher cellular uptake of HA conjugated single targeted nanoparticles (i.e. 

F:A=0) followed by SW480 and Caco2 cells since WI38 cells showed higher expression of CD44 

receptor compared to SW480 and Caco2 cell lines. Although SW480 and Caco2 cells showed 

similar expression level of FR, SW480 cells exhibited higher cellular uptake of FA conjugated 

single targeted nanoparticles (i.e. H:A=0) followed by WI38 and Caco2 cells.  

Based on FA conjugation, the highest cellular uptake was achieved at F:A=9 for SW480 and Caco2 

cells and at F:A=0 for WI38 cell. The highest selectivity was achieved at F:A=9 for both 

SW480:WI38 and SW480:Caco2 cells. Based on HA conjugation, the highest cellular uptake was 

achieved at H:A=0.5-0.75 for SW480 cell, at H:A=0.75 for WI38 cell and at H:A=0.5 for Caco2 

cell. The highest selectivity was achieved at H:A=0 for both SW480:WI38 and SW480:Caco2 

cells.  

Throughout the cellular uptake study we observed that increase in FA conjugation didn’t have a 

significant impact on nanoparticle uptake increase at F:A≤7 and the highest cellular uptake was 

achieved at F:A=9 for FR positive cells which is the highest examined molar ratio. Since FA is 

small in size (MW=436g/mol), little increase in F:A molar ratio slightly increased the FA 

conjugation on nanoparticle surface which could correspond to this insignificant increase in 

nanoparticle uptake. On the other hand, increase in HA conjugation significantly impacted the 

nanoparticle uptake. For CD44 positive cells, the cellular uptake increased with increasing HA 

conjugation but started declining beyond a certain point. So we concluded that the optimum H:A 

molar ratio for targeted nanoparticles was 0.5-0.75. For our experiments, we used HA of large size 

(MW=8000g/mol). So, increase in H:A molar ratio increased HA conjugation on nanoparticle 

surface which could correspond to the significant impact on nanoparticle uptake.  
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Chapter 8: Future directions 

Moving forward the dual targeted nanoparticles developed in this project can be used as a drug or 

imaging agent delivery vehicle. However, further modification of this model system is required to 

improve targeting. This chapter initially focuses on the optimization of the model system to 

improve targeting and then possible applications of the system.  

 

8.1 Optimization of nanoparticles to improve targeting   

It was observed that the dual targeted nanoparticles exhibited higher cellular uptake compared to 

the non-targeted and single targeted ones for receptor positive cells. There are several parameters 

that can help to improve the targeting which include ligand length, density and addition of linker.  

 

The size or length or MW of the ligand is an important factor that impacts cellular targeting. There 

is a minimum threshold size of the ligand necessary to start cellular targeting. Higher MW of the 

ligand results in more cellular uptake of the nanoparticle compared to lower MW of the ligand 

which could correspond to the higher binding affinity of the ligand to its receptor. Also, longer 

length of the ligand provides more accessibility of the ligand to its receptor to cause multivalent 

binding [22, 154]. For dual ligand attachment, it is necessary to have similarity between the length 

of the two ligands. If one ligand is much longer than the other, then the access length can mask the 

targeting ability of the other ligand. The longer ligand can also fold itself and lose its ability to 

target [49].  

Optimization of ligand density on nanoparticle surface has a great impact on cellular targeting. 

There is a minimum threshold density of the ligand necessary to start cellular targeting [22]. Higher 

ligand density on nanoparticle surface results in more cellular uptake of the nanoparticle compared 

to lower ligand density. However, after a certain ligand density the cellular uptake may reach a 

plateau or start declining. That certain ligand density is called ‘maximum density’. The maximum 

ligand density at plateau may correspond to the saturation of ligand-receptor binding. The decrease 

in cellular uptake after maximum ligand density may correspond to steric crowding. So, it is very 

important to optimize ligand density to maximize cellular uptake. Throughout the cellular uptake 

study we observed that increase in HA conjugation significantly impacted the nanoparticle uptake. 

For CD44 positive cells, the cellular uptake increased with increasing HA conjugation but started 
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declining after a certain conjugation. So, within our tested H:A molar ratio range, we achieved 

optimum ligand density at maximum which was H:A=0.5-0.75. On the other hand, increase in FA 

conjugation didn’t have significant impact on nanoparticle uptake increase until F:A=7. The 

highest cellular uptake was achieved at F:A=9 for FR positive cells which is the highest examined 

molar ratio. Within our tested F:A molar ratio range, saturation of uptake wasn’t achieved which 

could be achieved at F:A≥9.  

However, increased ligand density and multivalency can promote protein adsorption on the 

nanoparticle surface which can lead to non-specific uptake by Reticuloendothelial System [26, 

38]. So, nanoparticles with high ligand density may get cleared from the body before even reaching 

the target site. In order for a targeted nanoparticle to act as a delivery vehicle, it must present in 

the circulation long enough to reach the target site. Nanoparticles are covered with a hydrophilic 

coating like PEG which increases the circulation time by avoiding interaction with the proteins 

and subsequent non-specific uptake [142-146]. Normally, ligands are conjugated on nanoparticle 

surface using a PEG spacer which extends the ligand from the nanoparticle surface and makes it 

accessible to the receptors. However, higher ligand density may shield the PEG effect and make 

the nanoparticle susceptible to non-specific uptake [26, 29, 219]. The PEG spacer length needs to 

be similar to that of the surrounding ones. If the PEG spacer length is longer than the surrounding 

ones, the excess length can fold and cover the ligand [49, 219]. If both the PEG and ligand are 

attached on the nanoparticle surface then there is a need to optimize their length and density. 

Longer length and higher density of PEG can mask the targeting effect of the ligand [49]. On the 

other hand, longer length and higher density of ligand may shield the PEG effect. So, there is a 

need to fine tune the interplay between PEG and ligand properties in order to maximize targeting 

while minimizing non-specific uptake.  

8.2 Optimization of off-target cell to improve selectivity 

Cell surface receptor expression plays a key role in cellular uptake of the nanoparticles. An ideal 

target should have a high expression level on the cancer cell surface for the diagnostic and 

therapeutic application of the cancer and it should also be highly specific to that cancer [184]. 

Targeting efficiency has been reported to be dependent on the cell surface receptor density and 

higher receptor density correlates with higher nanoparticles uptake [22]. In this project we have 

used 1 target cell with positivity for both receptors (SW480) and 2 off-target cells - with positivity 
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of either receptor (WI38 with CD44 positivity and Caco2 with FR positivity). For these 2 types of 

off-target cells we have got different formulations that achieved maximum selectivity within our 

tested ligand density range. However, an ideal off-target cell for maximum selectivity would have 

been the one which is negative for both receptors. Although some of the literatures have identified 

human breast cancer cell (MCF-7) as CD44 and FR positive [153, 220-222], others have concluded 

it as negative for both receptors [154, 159, 177]. There is also debate about CD44 and FR positivity 

of human lung adenocarcinoma cell line (A549) in the literature [154, 163, 223]. Conducting flow 

cytometry study for all the cells to identify an ideal off-target one would have been a very time 

consuming and expensive study. So, we conducted the flow cytometry study only for the normal 

and colon cancer cells available in our laboratory.  

 

8.3 Applications of targeted nanoparticles 

The targeted nanoparticles developed in this project can be applied to tissue slides of actual tumor 

patients. In chapter 6, we have evaluated the expression of CD44 and FR using IHC staining on 

three different grades of NET tissues. Qualitative analysis proved the existence of CD44 and FR 

in NETs. Semi-quantitative analysis proved the dependence of receptor expression on tumor grade. 

So, moving forward the dual targeted nanoparticles developed in this project have the potential to 

be used in IHC staining to target tumor tissue of actual patients. However, i.e. staining the receptors 

with antibodies first may block the receptors to be targeted by nanoparticles. Also, targeting the 

receptors with nanoparticles first may have impact on receptor staining. So, optimization of the 

IHC protocol is required to achieve desired result.  

The targeted nanoparticles can also be translated to in vivo and ex vivo experiments to evaluate 

the targeting efficacy and bio-distribution of the system respectively. For this study, BALB/c mice 

nude mice can be used to create SW480 tumor transplanted mouse model. The tumor volumes will 

be measured at predetermined intervals using a digital caliper. When the tumor volume will reach 

approximately 100 mm3, free Cy5.5, HA-Silica/Cy5.5, FA-Silica/Cy5.5 and HA-FA-Silica/Cy5.5 

will be injected into the tail veins of mice. An in vivo imaging system (IVIS) will be used to take 

in vivo fluorescence images at 1, 3, 6, 12 and 24 hours after injection. The tumor targeting efficacy 

of the nanoparticles will be evaluated by comparing the fluorescence intensity in the tumor region. 

The mice will be sacrificed 24 hour after injection. The tumor and other organs like liver, spleen, 
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lung and kidney will be collected to take fluorescence images. It is expected that the tumor 

fluorescence intensity of the dual targeted silica nanoparticle will be significantly stronger than 

that of the free dye and single targeted silica nanoparticles in a time dependent manner indicating 

the increased in vivo tumor targeting ability of the model system. Successful completion of the in 

vivo experiment can make this model system potential for clinical translation.  
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Chapter 9: Conclusion 

The goal of this project was to study the impact of nanoparticle dual ligand density on targeting of 

cells with different biomarker expression. To achieve this goal we have developed silica 

nanoparticles conjugated with hyaluronic acid and folic acid to target colon cancer specific CD44 

and folate receptors respectively.  

In chapter 3, we have discussed the synthesis and characterization of HA and FA conjugated 

targeted nanoparticles from fluorescently tagged silica nanoparticles. The fluorescamine assay and 

fluorescence measurement ensured the successful attachment of amine groups and FITC 

respectively on the silica nanoparticle surface. The targeted nanoparticles showed moderate size 

distribution, reduced protein adsorption and excellent fluorescence stability. The CTAB 

turbidimetric method and spectrophotometric method confirmed the successful conjugation of HA 

and FA respectively on the silica nanoparticle surface which are useful for cellular targeting.  

In chapter 4, we have discussed the cytotoxicity of the targeted nanoparticles by incubating them 

with HCT116 and CHO cells from 24 to 72 hours at doses range of 0.1-100 μg/ml. While HCT116 

cells showed time and concentration dependent cell viability, the targeted nanoparticles had no 

impact on CHO cell viability.  However, cell viability for both of the cells remained ~70% at the 

maximum time and concentration tested which is an indication of safe material according to 

literature.  

In chapter 5, we have evaluated the expression of CD44 and FR using Flow Cytometer on four 

different colon cancer cell lines and three different normal cell lines available in the laboratory. 

All the cancer and normal cells except Caco2 and WI38 expressed both of the receptors. WI38 

expressed only CD44 and Caco2 expressed only folate receptors. The expression level of each of 

the receptor for SW480 cell line was higher compared to other cell lines. Based on this study, we 

have decided to use SW480 cell line as positive for both receptors, WI38 cell line as positive for 

only CD44 receptor and Caco2 cell line as positive for only folate receptor in the cellular targeting 

experiment.  

In chapter 6, we have evaluated the expression of CD44 and FR using IHC staining on three 

different grades of NET tissues. Qualitative analysis showed us the existence of CD44 and FR in 
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NETs with higher expression of CD44 compared to FR. Semi-quantitative analysis from ImageJ 

showed us the dependence of receptor expression on tumor grade with higher percentage of area 

positivity for CD44 compared to FR.  

In chapter 7, we have discussed the cellular uptake study using SW480 (positive for both 

receptors), WI38 (positive for CD44) and Caco2 (positive for FR) cells. Cellular uptake of 

nanoparticles showed to function in an exposure time and concentration dependent manner. 

Competitive inhibition study confirmed that the uptake of the targeted nanoparticles was based on 

HA-CD44 and FA-FR interactions. Based on FA conjugation, the highest cellular uptake was 

achieved at F:A=9 for SW480 and Caco2 cells and at F:A=0 for WI38 cell. The highest selectivity 

was achieved at F:A=9 for both SW480:WI38 and SW480:Caco2 cells. Based on HA conjugation, 

the highest cellular uptake was achieved at H:A=0.5-0.75 for SW480 cell, at H:A=0.75 for WI38 

cell and at H:A=0.5 for Caco2 cell. The highest selectivity was achieved at H:A=0 for both 

SW480:WI38 and SW480:Caco2 cells. Due to the variation in receptor expression by the studied 

cell lines, we got different formulations that achieved maximum uptake and selectivity within our 

tested ligand density range.  

One of the main accomplishments of this project is to present a novel synthesis approach for the 

synthesis of HA and FA conjugated dual targeted nanoparticle. Several articles have reported 

sequential approach for attaching these two ligands on nanoparticle surface [24, 163, 164, 224] but 

to the best of our knowledge, this project presents the first simultaneous approach for these dual 

ligand conjugation. Additionally, as far as we know there is no report of targeting colon cancer 

cells with this dual targeted model system. There are two articles that have reported the increase 

in cancer cellular uptake of nanoparticles as a function of HA and FA single ligand density [22, 

225]. In this project, we have synthesized various dual ligand formulations with HA and FA to 

evaluate the impact of these dual ligand density on targeting of cells with different biomarker 

expression. We have hypothesized that, CD44 and folate dual receptor targeting of colon cancer 

cells will increase the cancer cellular uptake of nanoparticles as a function of surface ligand 

density. In addition to that, dual receptor targeted nanoparticles will internalize more nanoparticles 

into the cancer cells compared to the single receptor targeted nanoparticles. We have observed that 

cellular uptake depends on ligand length, density and number of ligand type. Cellular uptake 

increases as a function of ligand density and beyond an intermediate density, it starts declining. 
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Also, dual targeted nanoparticles showed higher cellular uptake compared to single targeted 

nanoparticles for dual receptor positive cell. Since we have used cell lines with different expression 

of the two biomarkers, we have achieved different formulations for maximum uptake and 

selectivity which indicates the dependency of cellular targeting also on biomarker expression.  

The targeted nanoparticle formulations can be used in several future biomedical applications. The 

tumor targeting capability of the nanoparticle can be used to deliver chemotherapeutic drugs and 

imaging agents at the cancer site while sparing normal cells. Overall, this novel nanoparticle 

formulation will combine the benefits of dual targeting and enhanced ligand coverage to be used 

for theranostic applications.  
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